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SUMMARY

Hot isostatic processing (HIP) is undergoing rapid development
as a materials processing method because of itec ability to readily close
internal porosity and bond interior surfaces. HIP accomplishes this by
exerting high pressure at an elevated temperature to encourage creep and
diffusion closure of voids and diffusion bonding of the interfaces.
Althcough much of the early use of HIP was for diffusion bonding, its use
has expanded to densifying powder metallurgy preforms, and closing shrink-
age and gas porosity in castings. More recently, the concept has been
extended to void and crack damage originating from creep and low cycle
fatigue.

A serious form of damage that occurs in aircraft gas turbine disks
is surface-connected cracks. Such cracks may be either preexisting, but
of a size below the detection level, or initiated from fatigue in service.
In either case, the lifetime of components subject to predominantly
fatigue damage is limited by the cyclic growth of these cracks. For
disks the replacement cost is large and the design life is only a small
fraction of the possible life. If a procedure for healing all pre-
existing or fatigue induced surface cracks could be devised, the allowable
lifetime of disks could probably be extended substantially with attendant
savings in cost and materials.

The objective of this program was to demonstrate the feasibility
of using surface treatments and hot isostatic processing (HIP) to heal
fatigue damage in the gas turbine disk alloy IN-718. The program was to
(1) investigate coating procedures to bridge surface-~connected cracks;

(2) investigate two levels of fatigue damage, pre-crack initiation damage

and post-crack initiation damage, (3) assess the response of the fatigue \
damage to the surface treatments and HIP (rejuvenation processing) by

comparison of fatigue lives, and (4) metallographically characterize the

fatigue damage before and after rejuvenation processing.




The material investigated was IN-718 bar extruded from vacuum
arc melted billets. The extruded bar retained much of the inhomogeneity
of the cast material and cannot be considered as representative of a
wrought alloy. After the standard solution treatment and aging (STA)
sequence, the microstructure consisted of bands of NijNb and carbides
parallel to the extrusion direction. Laves phases were also present.

Four HIP experiments were conducted to determine the effect
of the HIP conditions on the material properties and microstructure, and
to investigate the effect of different surface treatment and coating
procedures on bonding of simulated cracks. The HIP conditions selected
were those developed to heal casting defects in cast IN-718, since
it was known these conditions would close and bond casting porosity. Tensile
specimens were near minimum AMS specifications after HIP and aging.
The fatigue life increased only about 9 percent after HIP and aging compared
to the STA condition, although substantial grain growth did occur during

HIP. Therefore, this HIP cycle was used for the rejuvenation processing

of the fatigue damaged specimens.

A number of simulated crack specimens consisting of three or
four layers of IN-718 sheet welded on three sides were given different
surface treatment-coating sequences. Coatings used were physical
vapor deposited (PVD) IN-718 and a ceramic coating. Surface treatments
were shot peening and wire brushing. Metallographic sectioning of
the simulation specimens after HIP indicated that a sequence of glass
bead shot peening, PVD coating, shot peening and a second PVD coating,

for a total coating thickness of about 75 ym, enabled cracks to be closed

and bonded. The specimens experiencing actual fatigue damage were given
a ceramic coating before HIP in addition to the PVD coatings. Cleaning

of the fatigue cracks before rejuvenation was not attempted since the

cracks had only very short exposures to air at temperature and a suit-
able cleaning process appeared to be very difficult to develop.
Fatigue tests were performed at 538 C (1000 F) in air and argon
under strain control at a total strain amplitude of 0.8 percent. The ?
|

baseline properties of the extruded and STA material were a total life, Ng,
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of 6,620 cycles (standard deviation of + 1,887 cvcles) and a crack
| initiation life, Nj, of 4,487 + 819 cvcles. After HIP and aging of
- undamaged, bare tatigue specimens, the fatigue properties were Ny =
7,197 + 1,585 cycles and Njy = 5,412 + 1,124 cycles. This comparison
shows that HIP increased the fatigue life bv 9 percent and the crack
initiation life by 20 percent.
Specimens were fatigue pre-damaged 2,100 cvcles to a
Level 1 condition representing pre-crack initiation damage and to a
; Level 2 condition representing pre-damage in the crack propagation stage,

wherein visible surface cracks are present. These specimens, along

with undamaged control specimens were given the rejuvenation processing
treatment. This treatment consisted of an initial vapor blast to clean
the surface followed bv two consecutive sequences of glass bead shot

peening, vapor blast, and PVD coating with IN-718. The ceramic coating

was then added and the specimens were HIP. After HIP the specimens were
lightly polished in a longitudinal direction before subsequent fatigue
testing to failure.
After the rejuvenation processing (coating plus HIP), the 1
previously undamaged control specimens showed a significantlyv increased
fatigue life. The fracture life was 12,367 + 1,956 cvcles and the crack
initiation life was 9,976 + 424 cycles. The fatigue lives of undamaged
specimens in the different conditions are shown in Figure 1. Because
the total rejuvenation process, including the coating, substantially
increased the baseline fatigue properties, the coating plus HIP condition
was selected as the baseline for comparison of rejuvenation of fatigue damage.
This comparison is shown for total life in Figure 2. Total life of
the pre-damaged specimens includes both the cvcles before and after re-
juvenation. On the basis of these data no rejuvenation of fatigue properties
is evident. However, two comments should be made. Firstly, specimens
having Level 2 damage had the visible surface cracks mapped before

rejuvenation. After rejuvenation two specimens failed well awav from

previously mapped cracks and their average life was about the same as

baseline specimens. Secondly, many of the pre-damaged specimens had a
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somewhat different crack initiation site appearamce from the undawmaged
specimens. The initiation site in many of the pre-damaged specimens was

a semi-circular region about 0.5 to 1 mm long at the specimen surface,
extending about 0.25 to 0.5 mm into the fracture surface. Specimens having
this fracture appearance are indicated by an X in Figure 2. These

specimens tend to have the shortest lives and lower the average ''rejuvenated"
life compared to the average baseline life. However, the average life

E excluding these specimens still does not increase the average life after
rejuvenation above that of the baseline coated plus HIP condition. It

is possible that these 'flaws' were fine surface cracks not previously

observed, which failed to bond during rejuvenation processing.

The biggest obstacle to interpreting these fatigue results
is the enhanced fatigue life after coating plus HIP compared to after HIP
only. There are at least two possible reasons tor this. HIP homogenizes
the microstructure and causes grain growth. The first of these woull
increase fatigue life while the second would decrease fatigue life. These
two effects might have compensated for each other when bare undamaged
specimens were HIP. Alternatively, the PVD coating on the coated plus
HIP specimens was much finer grained than the bulk material. This fine-
grained surface layer could inhibit crack initiation significantly compared
to the bare HIP specimens and cause thie observed increase in litfe in the
rejuvenated control specimens.

If it is assumed that the material before and after HIP docs have
different fatigue properties and accumulates fatigue damage at different rates,
then the baseline for comparison of rejuvenation should be modified to be

consistent with this assumption. In Figure 2 the baselines are drawn assuming 1
8

that the STA and the rejuvenated materials accumulate damage at a cvclic rate |
proportional to their crack initiation lives. In this case the Level 1 damage
still shows no rejuvenation, but the Level 2 damage does show some rejuvenation
of fatigue life (Figure 26, page 88). This is probablyv due to the healing or
partial healing of the Level 2 cracks during HIP, thereby requiring additional
time to reopen or reinitiate new cracks during post-HIP fatigue testing to

failure.




o ”\-‘\- u

(W J
4 :
100X ’ 100X
(a) Typical fatigue crack before (b) Typical fatigue crack after
re juveration processing re juvenation processing, as-polished

I-A H
% i
Se ﬁ

.

b |

o
& 'l
- -
5 {
-
-
L )
L
3 .
“i'y
: i
. . {

"A";. [

-

l"' r

-
oy .
1000X !

(¢) Same fatigue crack after rejuvenation
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Figure 3, Comparison of Fatigue Crack Appearance Before and After
Re juvenation Processing.
Figures (b) and (c) Show the Appearance of a Crack Which
Has Been Closed and Bonded by HIP but Whose Location Is
Marked by Second Phase Particles and Possibly Voids.




Metallographic sectioning of fatigue damaged specimens before and
after rejuvenation processing showed that fatigue cracks were closed and
bonded during HIP. Specimens having crack locations mapped after pre-damage
were sectioned after rejuvenation processing and fatigue testing to failure.
The locations of the previously existing cracks were marked by small second
phase particles and possibly voids, indicating a closed and nearly bonded
crack. A typical crack before bonding is shown in Figure 3a. A typical
bonded crack is shown in Figures 3b and ¢ in the as-polished and the etched
conditions. It should be noted that these cracks did not reopen during fatigue
testing subsequent to HIP.

Unbonded or poorly bonded cracks known to be the site for fracture
after rejuvenation in some of the Level 2 specimens could result from either
of two effects. It is possible that the PVD and ceramic coatings contained
defects over the crack and failed to bridge the crack adequately during HIP.
This can be corrected by improved PVD coating techniques. Alternatively, it
the coatings were adequate, it is possible that cleaning of the oxide out
of the cracks is a critical step even for thin oxide films. In this case,
the adequately healed cracks may be those with less than a critical amount
of oxide, while those which are not healed might contain more than this amount.

In conclusion, the most significant result of this program was the
demonstration of closure and bonding of fatigue cracks which did not reopen
during subsequent fatigue testing. In cracked parts this alone should enable
rejuvenation to extend fatigue life if nothing else, e.g. microstructure,
i1s changed. Thus, HIP conditious should be developed to limit bulk micro-
structural changes, e.g. minimize grain growth. The reliability of crack
closure and bonding observed in this program is unacceptable but should
be increased by improved PVD coating procedures and development of crack
cleaning methods.

A definitive conclusion concerning the extension of fatigue life
by HIP rejuvenation cannot be drawn from the results of this program. A
direct comparison of the total fatigue life of rejuvenated specimens to a
baseline condition is complicated by the apparent substantial improvement

of fatigue life {mparted to undamaged materials by the rejuvenation processing.

v




In effect, the extruded and STA material pre-damaged before HIP was a
different material from that tested after HIP. Since the fatigue and
rejuvenation processes are conceivably modified between these two material

conditions to some unknown degree, appropriate allowances for these effects

cannot be made when comparing the fatigue lives. Further investigations in
this area should establish the complete rejuvenation process and its effect

on the final baseline properties of a material which has been stabilized

before entering the fatigue pre-damage and rejuvenation investigation.
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INTRODUCTION

Hot isostatic processing (HIP) is undergoing rapid development
as a materials processing method because of its ability to rapidly close
internal porosity and bond interior surtaces. HIP accomplishes this by
exerting high pressure at an elevated temperature to encourage creep and
diffusion closure of voids and diftusion bonding of the interfaces.
Although much of the early use of HIP was for diffusion bonding, its use
has expanded to Jensitving powder metal lurpy pretorms, and closing shrink-
ape and pas porosity in castiongs.

More recentlyv, the concept has been extended to void and crack
damage originating trom creep and low cvele tatigue (LCF) strain. In the
case of internal voids and intergranular cracking representative of
elevated temperature creep and LCF damage, HIP alone can readilv remove
these. After HIP the creep properties are largelv rcsturvd\l-J‘ and the
LCF properties are partially restored\}), i.e., these properties have been
rejuvenated to some degree. However, when dealing with surtace cracking,
the most prominent form of damage produced by LCF, HIP must be used in
conjunction with crack bridging techniques and this makes the procedure more
complex. In this case, the preliminary results indicate that it is
teasible to remove surface crack damage and lengthen tatigue life(®),

Strain induced cavitation and cracking arve important in hot path
components in aircratt gas turbines, such as blades or buckets, and an
important form of this damage is surface-connected cracks. These mav be
either preexisting cracks of a size below the detection level, or fatigsue
cracks Initiated during service. In either case, the litoetime of components
subject to predominantly fatigue damage is limited bv the cvelic growth
of these cracks. One such component is a disk. The veplacement cost ot

a disk is large, and the consequences ot a disk tatlure are so dangerous




to aircraft and human life that the design life of a disk is onlv a small
fraction of its possible life. If a procedure for healing all preexisting
or fatigue induced surface cracks could be devised, the allowable lifetime
of disks could probably be extended substantially with attendant savings
in cost and materials.

As revealed by the previous studies(1-4) the healing of surtace-
connected cracks and restoration of the original fatigue properties is a
much more challenging problem than the removal of internal cavitation,
ﬂ because the problems appear to be more difricult to solve. Firstly,

to enhance the ability to bond the crack surfaces together, an effective

surface cleaning technique must be devised which ideally would reach into
narrow, deep cracks to remove surface films and compounds such as oxides.
Secondly, a means of blocking off the crack from the atmosphere {s required
so that the external pressure will act to squeeze the crack closed. For
this purpose a sound coating able to bridge and seal all surtface cracks

must be developed. If the coating is to remain on the part when it reenters

service, its presence must not impair the original properties of the part:

! if the coating is to be removed before the part is placed dback in

%' service, the coating must be removable without impairing the original
properties. Thirdly, if the material's properties are significantlv decreased
bv changes in its microstructure incurred during the HIP cvele, the allov must
be amenable to reheat-treatment to restore the original microstructure

or properties. Fourthly, if allov depleted zones form in the vicinity of

the crack due to oxidation or other compound formation, these deficiencies
must be corrected or their effect accounted for. Fitthlv, a final finishing
procedure to restore the original s rtace dimensions, tfinish, or properties,
e.8.,, hardness and chemistry, must he developed to prepare the part for
subsequent use.

While the problems and risks associated with healing of surface-
connected cracks and rejuvenation of fatigue properties are large, the
potential economic and materials benefits are also large. Successful
rejuvenation would not only enable used disks to be rejuvenated one or more
times to increase their useful life substantiallv compared to that with present
practice, but could also conceivably increase the initial design life of disks

bv removing nondetectable cracks before service.
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OBJECTIVES
The principal goal of this program was to demonstrate the
feasibility of HIP and refinishing procedures to remove or neutralize

defects which limit the fatigue life of aircraft gas turbine disks.

These defects are both fabrication and service induced, and include
surface-connected cracks and pre-crack initiation fatigue damage.
The specific objectives of this program were to
e Develop a coating(s) procedure which would (1) be
mechanically and chemically compatible with IN-718,
(2) not degrade tatigue properties, and (3) bridge

surface-connected tatigue cracks

e Induce controlled amounts of fatigue damage into
fatigue specimens, both pre-crack initiation damage
and surface cracking damage tvpes

1 e Assess the response of the different tvpes of fatigue
damage to the rejuvenation processes by comparison
of total fatigue lives

e Metallographically characterize the fatigue damage and

the effect of the rejuvenation process on this damage.

PROGRAM PLAN

To meet the objectives of the program, tour important areas had

to be addressed, (i) coating development, (ii) inducing controlled fatigue

damage, (iii) HIP parameters, and (iv) metallographic studies. Because the

rejuvenation of surface-connected fatigue cracks was to be studied, the k

development of an appropriate coating procedure was necessary to bridge

these cracks and render them amenable to closure and bonding during HIP.

To ensure the highest likelihood of success, the coating should be chemically 1
and mechanically compatible with the substrate. For these reasouns a number
L
of simulated crack samples were prepared and HIP to ascertain the most promising !
|
|

bridging technique before applving it to the actual fatigue damaged specimens.
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Cleaning of cracks was not investigated in detail. Cleaning of oxide-filled
cracks is a complex problem. Since the fatigue test duration for cracked
specimens was short, the formation of oxide films in che cracks would be
minimal, and it was expected that cleaning might not be critical for crack
healing.

To simulate the tvpe of damage representative of that expected
in turbine disks after service, it was decided to subject smooth test
bars to low cycle fatigue at an elevated temperature to two levels of damage.
One of these levels represents the crack initiation stage with no detectable
surface damage; the other represents the crack propagation stage, with

surface-connected cracks. The point of crack initiation was to be defined

in terms of back extrapolation of the asvmmetric lead drov, a percentage
decrease in load, or visual observation ¢f cracks under maximum tensile load.
The fatigue tests were conducted at 538 C (1000 F) in either argon or air
atmosphere.

HIP parameters were to be determined bv performing several pre-
liminaryv HIP cvcles to provide information on both microstructural and
mechanical property changes caused bv the selected HIP conditions. There
was concern that too high a HIP temperature would cause undesirable coarsening
of the grain size, while too low a temperature would not cause the crack
surface to bond together. The starting point for determining the HIP parameters
was the conditions established by General Electric/AEG-Evendale for IN-718
castings, since casting porosity could be closed and bonded under these
conditions.

Optical metallography and replica electron metallographyv were used
to characterize the microstructures, fatigue damage, and response of the
simulated crack specimens to coating and HIP.

The planned test matrix is shown at the top of Table 1. It allows

for (i) establishing baseline tensile and cvclic stress~strain behavior as
well as fatigue resistance of the original extruded plus solution treated
and aged material, (ii) determining the effect of HIP alone on the baseline
properties, and (iii) comparing the effect of HIP on the rejuvenation of
coated and uncoated fatigue damaged specimens. The test matrix actually
followed is shown at the bottom of Table 1. It emphasizes statistical ;
characterization of particular test parameters at the expense of establishing

the influence of HIP on the baseline fatigue resistance.

12
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It should be noted that the results of rejuvenation of the
control and damaged specimens include the effects of the complete re-
juvenation process, not just HIP alone. This was necessary because a
separate evaluation of all the process variables would have been too
costly, and the result of ultimate interest in the evaluation of HIP

rejuvenation is the cumulative effect of all the processing steps.

EXPERIMENTAL PROCEDURE

Material

Processing

The material was received® as eleven nominal 2.5 cm (1 inch)
diameter bars each approximatelv 120 cm (& feet) long. The bars were extruded
at AFML from nominally 7.2 cm diameter by 17.8 cm long (2.8 inch by 7 inch)
vacuum arc melted billets. The as~cast billets were first upset at 103§ C
(1900 F), then extruded at 1093 C (2000 F) at a 10:1 extrusion ratio.

Radiographic and visual inspection indicated the extruded bars to
be mostly sound, with radiographic indications of defects usually being
associated with observable surface flaws. Based on this inspection,
sections of sound bar approximately 26 cm (10.3 inches) long were cut from
nine of the bars as program test material. These sections were labeled
firstlvy bv number, referring to the extruded bar from which they were obtained.,
and secondly by letter, indicating the sequence the section appeared in
the bar, beginning with A at the nose end.

After initial sectioning, the bar segments were solution treated in
air for 1 hour at 954 C (1750 F) and 0il quenched. The segments were then
aged for 8 hours at 718 C (1325 F), furnace cooled to 607 C (1125 F) over
a 2 hour period, aged at this lower temperature for a further 8 hours, and
air cooled. Each bar segment was again visuallv examined, and the nose and tail
sections and any other obviously defective portions of the bars were then
excised. Sufficient 13 and 26 cm sections of sound heat treated bar were

obtained for up to 62 mechanical test specimens.

* This material was obtained from the Air Force Materials Laboratorvy, Wright-
Patterson Air Force Base.
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An analysis of material taken from extruded bar No. 4 is presented

in Table 2 along with the composition limits published bv Huntington Allovs

for Inconel Alloy 718. All alloy additions and trace elements in the program

material are within the limits shown.

Microstructure

The microstructure of the solution treated and aged (STA) materials
is quite heterogeneous (Figure 4). It is fine grained (ASTM grain size of
7 to 8, 22 to 30 ym diameter) and has a somewhat laminar appearance created
by the extrusion of large primaryv carbides and alloy-rich interdendritic
regions in the cast billet parallel to the bar length. The stringers of
small dark particles in the upper half of Figure %a are representative of
some regions having large particles, possibly both inclusions and massive
primary carbides, which are broken up and strung out during extrusion.
Associated with these regions are voids (Figure 4a). These mav be due to
fallout of particles during metallographic preparation, indicating weak
interparticle interfaces, or thev mav be voids remaining after extrusion.
Considering the 10 to 1 extrusion ratio, it is more likely that the holes

result from loss of particles during metallographic preparation.

The acicular phase in the (horizontal) precipitate-containing bands
in the lower half of Figure 4a is orthorhombic 5-Nij3Nb which precipitated
in the segregated alloyv-rich regions during cooling from the extrusion tempera-
ture and/or during the 954 C (1750 F) solution treatment. In these same regions
a finer precipitate, the coherent body-centered tetragonal y'"-Nij3Nb phase(G'S).
has precipitated during aging (Figure 4b). Between the allov-rich bands
containing the acicular phase, there is a verv fine precipitate (Figure 4c),

probably a mixture of y"-NijNb and some vy'=Nij (Al,Ti). The size of these

precipitates is presumably smaller because of the lower alloy content in these
regions and their precipitation during aging at the lower temperatures. The
equiaxed particles appearing predominantly in the regions of the coarse,

acicular NijNb are blocky carbides, probably MC and Ma3Cq tvpe. (0= Also,

peckets of Laves phase are often present in the bands containing the acicular

Ni3Nb.

15
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TABLE 2
COMPARISON OF SPECIMEN MATERIAL CHEMI

WITH COMPOSITION LIMITS FOR INCONEL~-

STRY

718

| Bar No. 4(a) Composition(b)
Chemistry, Limits,
Element percent percent
} Si 0.02 0.35 max
Mn 0.03 0.35 max
B 0.005 0.015 max
S 0.010 0,015 max
c 0.05 0.08 max
Nb + Ta 4,97 4,75-5.50
Ni Bal (53.7) 50.00-55.00
€r 17.90 17.00-21,00
Mo 2,99 2.,80-3.30
Cu 0.02 0.30 max
T3 1.10 0.65-1.15
Al 0.59 0.20-0.80
Fe 17.99 Bal (11.3-23,5)
Co 0.54 1,00 max
0 0.0013 =
N 0.100 -

(a) Chemical analysis prepared by Bowser=Morner
Testing Laboratories, Inc,

(b) Taken from Reference (5).
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Mechanical Properties

The average hardness of the STA material was 422 DPH (Vickers)
using a 10-kg load. This is roughly equivalent to 43 Re or 393 BHN.

The tensile properties of the extruded and STA material were measured
at 538 C (1000 F) on Specimens 4B-1 and 5B-2 before fatigue testing at this
temperature. These tests showed serrated stress-strain response at strains well
bevond vield, with each serration being accompanied bv an audible "ping'".
Examination of the tension test samples showed evidence of surface cracks,
visible to the naked eve, oriented normal to the tensile axis but aligned in
rows parallel to the tensile axis. The formation of each crack evidently
gave rise to a serration in the stress-strain curve based on a correlation ot
the pinging with serration formation during testing. The stringing out of
these cracks in rows suggested thev were related to the drawing out of inclusions
> or allov segregated regions during the extrusion process. There were
signiticant differences noted in modulus, vield stress, and ultimate strength
between the tensile test specimens taken from two different extruded bars -
Numbers 4 and 5. This implies a possibly large amount ot scatter in the
fatigue resistance of the baseline material in that certain of these
properties, when combined in various parametric forms, serve as measures of
fatigue resistance.(S)

The results of the 538 C tension tests on samples from Bars &4 and

5 are presented at the top of Table 3. The average true fracture stress

of these specimens was 1318 MPa (191.2 ksi), and the true fracture strain

was 0.206. The average tensile properties compare reasonably well with
published data trends for this material in its STA cnndition(o‘ (Figure 5).
Both the vield and ultimate strengths of the experimental material are lower
than the mean of the data, but thev still lie in the scatterband. Iun contrast,
the elongation lies within the scatterband, but is above the trend. The
modulus is likewise somewhat above the mean (4 percent). (In these comparisons
use is made of the fact that at and above 538 C (1000 F)there is little
difference between sheet properties and those ot other hot worked sroduct

forms such as extruded bar.(?)) Insofar as the ultimate teunsile strength

can be considered as a direct measure of fatigue resistance, one might expect
that the fatigue resistance of this material might be below the mean trend ot

data published in the open literature.
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Figure 5.
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lhe baseline material condition for this studv is the extruded and
STA condition. However, it should be noted that the present material in this
state is not representative of wrought, solution treated and aged material.
[t is clear from the microstructure and the tensile properties that the cast
microstructure exerts a substantial influence on properties, even after
extrusion and heat treatment. This should be kept in mind when comparing
the ettects of HIP on the microstructure and properties of this material.

The ettects of HIP on the tensile properties is discussed in a later section.

Coating Procedures
'S L 0% e =

IN-718 Coating

Magnetron sputtering, a phvsical vapor devosition process, was
selected as the coating process for applving the metallic allov coating,
since complex allovs such as IN-718 can be easilv applied bv this technique.
In addition, coatings deposited by sputtering tvpicallv have excellent ad-
herence. The sputtering process was conducted in a vacuum chamber at a
vacuum of 1 x 1073 to about S x 1072 torr of argon gas. The source material
or cathode was held at a negative voltage of trom S00 to several thousand
volts. The nexgative voltage on the cathode causes energetic electrons to
ifonice the argon gas: these ions bombard the cathode and phvsically eject,
or sputter, atoms off the surface of the cathode which are then deposited

with high kinetic energy onto the adjacent substrate material,

Ceramic Coating

The ceramic coating was applied bv General Electric/AEG-Evendale.

Procedure tor Coating Fatigue Bars

A fixture for both heating and rotating six fatigue bars at a time
in a horizontal orientation was built, Figure 6 shows the chain drive
assemblv, and Figure 7 shows three of the six fatigue bars and four of the
seven 600-watt quartz heating lamps in the fixture before coating. In
operation, the source is a 6 mm (0.25 inch) thick plate of IN-718 located

7.6 em (3 inches) above the axis of the bars,
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The process sequence selected for cleaning and coating the fatigue bars
before HIP was as follows:
(1) Fatigue bar preparation

(a) Vapor blast (liquid honing) 120 sec at 0.31 MPa
Nozzle-to-specimen distance 5 cm

(b) Glass bead shot peen 300 sec at 0.31 MPa
Nozzle-to-specimen distance S cm

(¢) Vapor blast 120 sec at 0.31 MPa

i Nozzle-to-specimen distance 5 cm

(d) Ultrasonic clean in electronic

grade methanol 300 sec

(2) Magnetron sputtering parameters

(a) Evacuate coating chambgr to a
pressure of 1.33 x 1073 Pa

(b) Heat specimens to 700 C (1292 F)

(¢) Coat 4 hours at 620 V, 4.8 amp,
and an argon gas pressure of
0.4 Pa to give 38 um
(0.0015 inch) coating

(d) Cool coated specimens to 100 C or
less before removal from coating
system

(3) Second surface treatment

(a) Glass bead shot peen 30 sec at 0.31 MPa
Nozzle-to-specimen distance 12.7 cm

(b) Vapor blast 30 sec at 0.31 MPa
Nozzle-to-specimen distance L2.7 om

(c) Ultrasonic clean in electronic- 300 sec
grade methanol

(4) Second coating procedure as in (2) above

The approximate total coating target thickness was 75 um (0.003 inch). However,
first layer coating time for samples 98, 7D2, 7D1, 8Cl, and 8C2 was reduced

to three hours because of arcing of a quartz heating lamp. In addition,

the first coating layer on samples 5Dl, 5C2, and 382 spalled during the

second glass bead peening (as in 3a above) and were given the following

treatment to remove the spalled coating:

(1) Vapor Blast 600 sec at 0.31 MPa
Nozzle-to-work distance 5 cm
(2) Ultrasonic clean in electronic- 300 sec

grade methanol

23
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The cleaned specimens were then recvoated as described above, beginning at
Step (2). All samples had a bright matte metallic finish except Specimens
8c2, 98, 7Cl, 8Cl, and 7D2, which were darkened as a result of being
removed from the system while the temperature was >100 C.

After the IN-718 coatings were applied, the predamaged fatigue
bars were overcoated on the reduced section with a ceramic applied by
General Electric/AEG-Evendale.

After cleaning and coating, the specimens were HIP., After HIP the
specimen surfaces were lightly polished in a longitudinal direction with fine
emery paper to a nominal 32 um RMS finish before subsequent fatigue testing.

The coating was not removed by this polishing step.

HIP Procedures

A total of four HIP experiments were performed during the course
of the program. The procedures and the conditions used, as detailed below,
were those previously established for HIP of Inconel=718 castings.(lz) These
HIP conditions provided a logical starting point since it was known that
casting porosity was closed and bonded under these conditions. The first
experiments were used to ascertain the effects of the HIP cvcle on the
microstructure and properties of the extruded material, and to process
simulated crack specimens investigating crack closure and bonding procedures.
I The HIP conditions were:

1 o Simultaneouslv heat and pressurize to 1163 C (2125 F)
| and 103 MPa (15 ksi) pressure

o Hold at 1163 + 10 C and 103 MPa for 2 hr

o Cool under pressure to 1066 C (1950 F) at a minimum
pressure of 83 MPa (12 ksi) within a 40-minute period

o Hold at 1066 + 15 C and 83 MPa minimum for 1 hr

o Cool under pressure as rapidlv as possible, achieving
i 760 C (1400 F) or below within 90 minutes

3 further static cooling or simultaneous cooling and
depressurization to ambient temperature and pressure.

Following HIP, all mechanical test specimens and certain of the
bonding specimens were subjected to the standard 18 hour dual aging treatment f

at ambient pressure in argon as follows: age at 718 C (1325 F), 8 hours, then
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furnace cool at 55 C (100 F) per hour to 608 C (1125 F), and age at 608 C
(1125F), 8 hours. After aging, the specimens were removed from the furnace
and cooled rapidly in flowing argom.

The first HIP experiment was in fact accomplished by including
two of the round bar bonding couples in a HIP cvcle performed in Battelle's
large autoclave system to densify a number of large castings. This cvecle
differs from the remaining experiments in that, due to technical difficulties,
12 hours were required to attain the 1163 C, 103 MPa, HIP conditions. A sub-
stantial portion of this time was at temperatures above 954 C (1750 F).

The second HIP experiment was accomplished in a normal fashion

in the 25.4=-cm (10 inch)-diameter autoclave, requiring onlv 4 hours to attain

la)

the specified 1163 C and 103 MPa. The six specimens of the first series
of simulated crack specimens, a third round bar bonding couple, two tensile
specimen blanks (Nos. S8A and 4E), and three fatigue specimens (Nos. 3D-1,
3D-2, and 4B-2) were processed. In order to preserve their axial straight-
ness, the fatigue specimens were suspended along their longitudinal centerlines
during HIP identical to the method described previouslv.(d\ The tensile
blanks, fatigue specimens, and rod diffusion couple were subsequentlv aged
as described above.

The third and fourth HIP experiments were also performed in the
25.4 ~m-diameter autoclave in a normal fashion, only 3 hours being required to
attain 1163 C and 103 MPa. In the third HIP experiment, the twelve specimens
of the second series of simulated crack specimens and two additional tenmsile
specimen blanks (Nos. 7A and 11A) were treated. The fourth HIP experiment
served to process the undamaged and predamaged fatigue specimens used for

the principal fatigue rejuvenation investigation. These tatigue specimens

were, again, suspended along their longitudinal axes to preserve straightness.

A previously fractured fatigue specimen showing secondarv cracking was coated

i )

and HIP along with the fatigue specimens for post-HIP metallographic examination. !
Metallography -

Optical metallographic examination was carried ocut using standard F
techniques for specimen preparation and glvceregia etch. The replica electron A

microscopv studies used acetate replicas, followed by carbon coating and
dissolution of the acetate to form the final replica. The etchant for the

replica microscopy was also glvceregia.




Fatigue Testing Procedures

Specimen
All specimens used in this investigation were of the geometry
shown in Figure 8. Note that this geometry provides a reduced section

1.905 em (0.75 inch) in length and 0.952 cm (0.375 inch) in diameter.

This rather stocky geometry was chosen to provide (i) a reasonable section
tor crack propagation, (ii) a large surface free from extensometer knife
edges to permit surface replication for damage studies if necessary, and
(iii) a reasconably high buckling load for testing in a low to moderate
capacity test svstem. A total of 50 specimens were fabricated, the
machining being performed at Met-Cut, Cincinnati, following their low-stress
cvlindrical grind procedure detailed in Table &.

All 50 specimens were machined from sound extruded and STA blanks
taken from the full length extrusions. Specimens were numbered from 1,
for each combination of bar and blank, designated respectively by a
number and by a letter. Of these 50 specimens, 2 were used in tension testing,
2 were used as setup and procedure verification samples, and 2 were damaged
during setup on the initial loading. The disposition of the remaining

P

samples was as indicated in Table 5. Note that 2 of the 50 specimens, 2C2
and 2D2, remain in the virgin STA state,

Apparatus and Procedure

Each of the experiments in this program was performed in a
servo-controlled electrohvdraulic test system in strain control with all
specimens being subjected to a fully reversed forcing function. The environ-
ment was prepurified laboratory argon (99.998 percent minimum purity), the
testing being performed at a temperature of (538 C) 1000 F, as detailed
below. Although the majority of testing was done in an inert atmosphere, some
portion of the baseline data were developed in an ambient laboratory air
environment. A check of the oxide's character revealed little difference
between these atmospheres, nor was there any detectable difference in the

fatigue resistance, probably because of the relatively short testing time.
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Strain was controlled over a 1.905 cm (0.750 in) gage length using
a clip-on extensometer calibrated to ASTM Class Bj. The extensometer was
typical of that used in elevated temperature testing. Two high-purity
alumina probes with knife-edge points were lightly clamped against the
specimen gage section., These probes were connected to a bracket with two
parallel beams joined together by a flexible elastic hinge. The transformer
of a magnetically shielded linear variable differential transformer (LVDT)
was attached to one beam and the core was attached to the other beam. Thus,
the output signal obtained from the LVDT was directly proportional to the
average deformation over the gage length. The mass of the extensometer was
counterbalanced and supported at the center of gravity to minimize probe
force. While no specimens failed because of knife-edge notching, one
specimen did fail as a result of knife-edge slippage into a propagating
fatigue crack. Two strain cycles which employed several combinations of
strain range, waveform, and frequency were imposed on set-up specimens to
establish the character of the deformation response of the IN-718 material
at 538 C, under systematic variations in these variables. The results
showed no observable difference between constant strain rate and sinusoidal
results for frequencies from 0.1 to 1 Hz over the range of strain of interest
in this program. Therefore, for the remainder of the testing, strain was
programmed to follow a sinusoidal waveform at frequencies ranging from
0.1 to 1 Hz, depending on the amplitude of the control strain. The ability
of the extensometer to operate over this range of frequencies was
independently verified as a function of the strain amplitude prior to
beginning the test program, Strain was controlled to within 1 percent of
the programmed signal. The extensometer calibration was performed at the
outset and verified several times during the test program,

Specimens were heated by highe-frequency induction, and tehperature
was controlled by a standard proportional-type power controller, The
geometery of the heating coil was designed to minimize temperature gradients
in the test section. A specimen instrumented with five Chromel-Alumel
thermocouples spot-welded along the gage length was used to verify this
design. With the final design, the peak temperature was within + 1 percent
of the desired value, and the overall gradient was less than 2.5 percent.
During fatigue testing the control/feed-back temperature was obtained from
a thermocouple looped about and in contact with the gage section of the

test specimen, Temperature was controlled to + 2.8 C (5 F) during test.

30

ot b e I

p—



e e ———————————————— -

Load was monitored in all tests using a commercially available
load cell mounted in series with the specimen, Calibration of the load
cell was performed prior to, and verified once during, the test program.
The load cell was observed to be accurate and linear within 0.1 percent ot the
operating range used in the present program. A peak load detector was
incorporated in the control loop for use in determining crack initiation
based on load drop from the saturation (stable cvclic) load (stress) level.

: All specimens were gripped in a fixture arrangement similar to

that detailed in Reference (13). It is noteworthy that such an arrangement
features a liquid-solid Wood's metal grip which serves to minimize

specimen mounting stresses. Prior to commencing the test program, the
alignment was adjusted to minimize bending strains, the adopted standard
being bending strains less than 1 percent of the imposed axial strain.

Monotonic and cyclic deformation response was recorded continuouslvy
during the first ten cvcles and at logarithmic intervals thereafter on an
X-Y recorder, while both load and strain along with temperature were contin-
uously recorded on a time-based strip chart recorder.

Before commencing with the experimental program, the closed loop
svstem was tuned to establish the optimum svstem gniﬁ. Concurrently, the
load cell and extensometer were calibrated along with the related recording
devices. After this preliminary phase, the test phase began. The -
procedure used for each test follows: atter mounting the specimens in the
upper grip, the load train was closed in load control and the liquid-solid
grip frozen. (All grips were watercooled during testing.) Maintaining
the system at zero load, the extensometer was mounted and zero suppressed
and all recording devices activated and zero suppressed. Subsequently, the
fnduction heating svstem was activated, and the load train was allowed to
equilibrate for 1 hour after the testing temperature was reached. The
system was then switched to strain control and allowed to stabilize betore
beginning the strain cycling. During this stabilization perifod, the envirvon-
mental chamber was sealed and purged at a flow rate of 3 cfm for 2 hours.

During testing, the chamber was held at a posftive back pressure equal to

1 inch of water. In tests where the system had to be periodically shut

down and restarted (such as for predamage), care was taken to unload and
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thereafter reload without inducing spurious mean stresses. All tests
were terminated either upon reaching a prescribed level of damage or at

failure.

Table 5 details the final test program to generate results for
assessing the feasibility of HIP re juvenation of fatigue damage in
extruded and STA IN-718., This matrix was patterned after that set forth
as the Actual Test Matrix in Table 1. Tests were initially performed
to establish the strain amplitude for the ensuing feasibility assessmeut.
That strain amplitude had to concurrently satisty three requirements:

(1) Be sufficiently inelastic so as to reduce
fatigue scatter

(2) Be sufficiently small so as to induce fatigue
fracture at levels greater than 103 cycles

(3) Give rise to a reasonable fraction of life spent
in propagating a fatigue crack frem observable
surface damage.

From the results of 13 tests which encompassed strain ranges from 2.12 percent
to 0.52 percent, that strain level was determined to be 0,80 percent. Results
of the 13 tests are presented later in Tables 8, 9 and 10, The data reported
in Table 8 represent experiments designed to show the progress of fatigue
damage with increasing cveles. Two strain amplitudes presumed to bound
the above three requirements were selected. These data were essential to
establish the crack initiation life and subsequent crack propagation
behavior necessary to define the predamage levels described below. The
data in Tables 9 and 10 establish the baseline to assess the extent of
re juvenation,

To differentiate between the different levels of fatigue damage
given the specimens prior to the rejuvenation treatments, the following
designations are introduced:

e Level Zero pre-damage: specimens given no
previous fatigue cycling

e Level One pre-damage: specimens cveled just
short of crack initiation

e lLevel Two pre-damage: specimens containing
known cracks,

Results of tests that pertain to the rejuvenation process are presented later

in Tables 10 and 11,
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RESULTS AND DISCUSSION

t The results are presented in four sections which approximate

the four general task areas in the program: (i) the determination

of the effect of HIP on the microstructure and properties of the extruded
and STA bar, (ii) the coating and refinishing investigation to ascertain
the best method to prepare the surface and bridge surface cracks, (iii) the
fatigue characterization and rejuvenation studies, and (iv) metallopraphic
examination of fatigue damage and the response of damaged specimens to

HIP. The first two aspects are considered in the context of the

rejuvenation process parameter development. The last two topics are
examined in terms of the application of the chosen process parameters to

fatigue damage rejuvenation.

Rejuvenation Process-Parameter Development

HIP Studies

The objective of this phase of the program was to ascertain the
effect of HIP on the microstructure and the tensile and tatigue properties
of the extruded and STA bar. The specimens to be discussed here were
HIP in the first through third HIP experiments described earlier in the
Experimental Procedures section.

Microstructure. The first specimens to be HIP tor microstructural

examination were also designed to provide evidence of the effect of the

selected HIP conditions on closure of holes and bonding of surfaces.

Bonding couples of 2.5 cm segments of extruded and STA rod were prepared

by grinding one end surface flat on each segment and drilling a 6 mm (0.25 inch)
diameter conical indentation in one surface to represent a cavity. After
cleaning the surfaces, two such segments were gas tungsten arc (GTA) welded
together around the circumference of the mating surfaces while inside an

argon filled chamber.
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For the preliminary HIP cycles, it was decided to duplicate the
conditions used to HIP IN-718 castings, followed by the duplex age as
described previously. The microstructure before HIP, that of the extruded
and STA material, is shown in Figure 4.  After HIP the bands of acicular
precipitate are absent, but the rows of equiaxed carbides remain, as
shown in Figure 9a. The bond line at the mating surface between the two
halves of the bonding couple runs across the micrograph. Stringers of
fine, dark particles similar to those referred to as inclusions are still
present in the upper half of the couple (Figure 9a) after HIP, but these
areas are not common. In the first HIP experiment, which took 12 hours
to attain the HIP conditions, “he grain sizes of the svecimens (from Bars
4 and 7) were ASTM 1 to O (250 to 350 ym). In the succeeding HIP experi-
ment, which took only 4 hours to reach the HIP conditions and was
representative of the others, the average grain size of a specimen from
Bar 8 was ASTM 3 to 4 (90 to 120 um) with a finer grain size, ASTM 5 to 6
(40 to 60 um) in the bands of fine carbide. Therefore, the larger grain
size in the first HIP experiment was attributed to the longer time at
temperature. The microstructure from the second HIP cycle was then taken
to be representative of the microstructure after HIP for the succeeding
HIP experiments. The acicular Niij, the \"-Niij platelets, and the Laves
oshases have been dissolved by the HIP treatment, resulting in an overall

“homogenization of the microstructure. The ftine coherent \"-N13Nb plate-like
precipitate in the matrix, shown in Figure 9b, is more evident after HIP
than before, presumably because more Nb is available for the coherent
precipitate formation after the large Niij platelets and Laves phases

were dissolved during HIP.

Bonding Studies. Four GTA welded bonding couples were prepared

as described in the previous section on microstructure. These were then
examined for closure of the conical drilled hole and oonding of the mating
surfaces after HIP. The first two couples were included together in a
HIP cvcle, one wrapped in stainless steel foil and one unwrapped. This
first HIP cycle was held quite long at higher temperatures due to control
problems. The surface of the wrapped specimen came out shiny and clean
after HIP, bu* the unwrapped specimen had a black chromium oxide coeoating.
The surface-atfected laver in this specimen was examined on a taper section
\

giving 1 10X apparent magnitication. The affected laver extended 27 ym
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deep and included a 2 pm thick oxide layer, a 7 um thick region of inter-
granular attack and an 18 pm thick carbide depleted zone. Subsequent
sectioning of the couples after aging showed that bonding between the two
halves of the couples was intermittent, possibly because of the presence

of some oxide film or residue on the mating surfaces (Figure 9a). Very
little grain growth across the interfaces was observed, although the HIP
conditions were sufficient to cause collapse of the large conical voids.

The interfaces after HIP did etch unevenly, similar to the grain boundaries.
Significant grain growth occurred during this prolonged HIP cycle, with

grain sizes being larger than ASTM 1 (250 pm) in some regions.

Another bonding couple was included in a second normal HIP
cycle., This specimen had no significant areas of nonbonding and only
a few spherical voids or inclusions remained in the interface (Figure 10).
There was also significantly more grain growth across the bond interface
than was found in the earlier specimens. This is particularly noticeable
toward the periphery of the specimen (but well inside the weld beads
originally joining the two components)., The grain size of this couple
averaged ASTM 3.5 (v 0.10 mm) in the HIP + aged condition.

Mechanical Properties, The hardness of the material after HIP

was relatively low, averaging 245 DPH (approximately 21 Rc or 233 BHN), but
increased to about 415 DPH (approximately 42 R or 392 BHN) upon subsequent
aging, nearly that of the extruded and STA baseline material.

The tensile properties of the IN-718 extrusions after HIP and
subsequent aging were measured at both room temperature and 649 C (1200 F)
for comparison with published AMS 5662B specifications for wrought, solution
treated and aged material. Duplicate tests were conducted at each temperature
using standard ASTM ".505" specimens and, as shown in Table 5, the tensile
properties of the HIP material compare very favorably with the specification
values despite significant grain growth., This behavior is in contrast
to the response at 538 C which showed these properties to be somewhat
less than those published trends (Figure 5). More importantly, however,

the stress response of all tensile specimens was completely smooth at

both room temperature and 649 C with no evidence of the serrations ex- w

perienced with the extruded and STA material. In addition, the differences
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in the strength and modulus values for the individual test specimens

at each temperature are small. Since each specimen was machined from

a different extruded rod, these results strongly indicate that KIP
followed by the appropriate aging treatment causes significant
homogenization of the extruded material in support of the metallographic

results, and has a normalizing effect on mechanical properties.

The 538 C (1Q00 F) LCF fatigue properties of two extruded and
STA test bars after HIP and aging showed approximately 15 percent higher
cyclic life than the baseline material. This relatively small change in
fatigue properties is attributed to counteracting effects of coarser grain
size decreasing fatigue life and homogenization of the microstructure
increasing fatigue life. These properties are discussed at length in
the fatigue section.

This second HIP experiment was satisfactory in several ways. It
materially homogenized the microstructure without causing an unacceptable
increase in grain size much beyond ASTM 4. This is the maximum acceptable
grain size designated in the military specification AMS 5662B. In
addition, the room temperature and 649 C (1200 F) tensile properties were
close to or exceeded the minimum specified by AMS 5662B (Table 3), It
is seen later that the fatigue properties of the control specimens
HIP in this cycle were not too different from the baseline properties.

In addition, it was expected that lower temperatures might not produce
bonding of cracks. Thus, the higher HIP temperature was used thrcughout

the remainder of this investigation.

It should be mentioned here that grain sizes measured later in
the program on sections taken from the fatigue bars showed a much larger
increase in grain size after HIP than the metallographic specimen
referred to above, which was to provide the background for the micro-
structural changes occurring during HIP. The grain sizes in the fatigue
bars were ASTM 1 and larger, in the range 200 to 400 um. The effects

of these larger grain sizes are discussed later along with the fatigue results.

38




e

Coating Studies

The purpose of this phase of the propram was to investigate the
feasibility of bridging surface-connected fatigue cracks with a coating
applied by a physical vapor deposition (PVD) process (sputtering), so that
a subsequent HIP operation could effectively heal them. The approach was
to apply IN-718 superalloy onto IN-718 simulated crack coupons, and later
onto fatigue bar specimens. Both single and multiple coatings were
tried. The effort included examination of different treatments of the
surface before, between, and after applying the coating(s). The coating
composition, thickness, densitv, and adherence were the parameters studied.

The coating program was carried out in three stages:

(1) Determination of the suitabilitv of magnetron sputtering
for depositing IN-718 coatings of acceptable allov
composition and the limitations of ¢rack bridging
capability of magnetron sputtering using simulated
crack specimens

(2) Development of mechanical surface treatments to bridge
cracks wider than those which could be bridged bv
sputtering alone

(3) Development of fixtures and procedures trom (1) and (2)
above for coating actual fatigue bars.

Coating and Surface Treatment Studies. An initial series ot

simulated crack specimens was developed to investigate different methods

of bridging cracks, both coating alone and in combination with other surtace
treatments. Each specimen in this series of twelve specimens was fabricated
bv stacking five layvers of 3 mm (0.125 inch) thick sheet of IN-718 to

form four cracks of different widths between neighboring sheets. After
degreasing, three of the four "open' surfaces on each stack of coupons

were welded by gas tungsten arc (GTA) welding in an argon-tilled chamber.
The remaining open face then presented four simulated cracks having

nominal widths of (i) a "tight" crack of a few micrometers, (ii) 25 um
(0.001 inch), (iii) 150 um (0.006 inch). (iv) 250 um (0.010 inch). Although
the narrow cracks were of most interest to this program, the wider cracks were

included so that information could be obtained to determine the maximum crack
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opening for which a particular method might be applicable, If a substantial
crack opening could be bridged, this would increase the confidence
level of the method's application to narrower cracks.

With these twelve specimens, the six treatment sequences listed
in Table 6 were evaluated. Duplicate specimens were prepared for each
condition. The rationale for the conditions selected are as follows.

The basic condition is to apply a PVD or ceramic coating only, over smooth,
untreated surfaces with the original range of crack widths. There is also
the possibility that shot peening cracks will close the cracks some-

what, depending on their original width, and enable the subsequent PVD

or ceramic coating to bridge a wider starting crack than would be possible
without shot peening. The shot peen followed by an anneal to recrvstallize
the cold worked peened laver was intended to determine whether peening
alone could seal narrow cracks sufficient for HIP closure, as observed in
another material by General Electric/AEG, Evendale. Finally, an attempt
to look into a simple pickling procedure as a surface and crack cleaning
option was included in the series. To avoid the possibility of not
bonding because of a defective coating rather than by the characteristics
of the cleaned surfaces, the cracks in the pickled specimens were closed
by a plate of IN-718 electron-beam welded over the top of the specimen.

After welding, but before further coating or treatment, the
open surface . -ach specimen was ground through No. 600 grit paper to
even the surfacc. The specimens were then pickled 5 minutes in a solution
of 8 parts Hy0, 2.5 parts HNO3 and 0.5 part HF to remove any oxide,
followed by a water rinse. To further clean the cracks, the specimens
were leached 1 minute in a solution of 1/3 HNO3 and 2/3 HCl. After this,
they were water rinsed, ultrasonically cleaned in 200-proof alcohol, then
air dried at 100 C.

The PVD coatings of 75 to 250 um (0.003 to 0.010 inch) thick were
deposited at 10 to 25 ym/hr (0.0004 inch/hr). Substrate temperatures
ranged from 200 to 500 C. Both the shot peening and the ceramic coating,
Solaramic 5210, were carried out by General Electric/AEG, Evendale.

Steel shot was used for shot peening., The specimens appeared as shown in

Figure 11 after surface treatment but before HIP., Before surface
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TABLE 6
SUMMARY OF THE SURFACE COATINGS AND
TREATMENTS GIVEN THE FIRST SERIES OF

SIMULATED CRACK SPFCTMENS

e PVD coated with 250 pm coating of IN-718
e Ceramic coated with Solaramic 5210 coating

o (i) Shot peened surface to 0.015A incansity(a)
(ii) Ceramic coated with Solaramic 5210 coating

o (1) Oxidized 6 hr at 816 C in air

(ii) Cleaned with HNO;~HF solution(b), ultrasonic rinse in
water and alcohol, air dried at 100 C

(1iii) Plate of IN-718 welded over surface(¢)

o (1) Shot peen to 0.015A intensity
(ii) Recrystallize anneal 1 hr. at 954 to 982 C in vacuum

e (i) Shot peen to 0.015A intensity
(ii) PVD coated with 250 pm coating of IN-718

(a)
: (b)

t (e)

"A'" is a scale of intensity for shot peening.

The pickling solution consisted of 8 parts H,0, 2.5 parts HNOj and
0.5 part HF. The specimen was pickled 10 minutes at 32 C (90 F).

Electron beam welded.
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treatment, the specimens looked similar to Specimen 7 (Figure 11).
Six specimens, one for each condition, were HIP at 1163 C

(2125 F) and 103 MPa for 2 hours followed by a 1 hour 1066 C (1950 ¥) in-situ

pressure anneal. After HIP, the specimens were examined visuallv, helium
s pressure’ leak tested, and sectioned for metallographic examination without

subsequent aging. X

Only the cracks in the shot peened and ceramic coated specimen,

No. 8, were found to be completely closed and bonded, Figure 12, The

unpeened ceramic coated specimen, No. 11, showed some evidence of partial

bonding in the narrower cracks but also showed intrusion of the ceramic

coating into the cracks during HIP. The wider cracks were not bridged

(Specimen 11, Figure 1ll), indicating that cracks in the range of 50 to 150 um

wide and wider cannot be bridged bv the ceramic coating alone. After HIP,

the coated surfaces of both ceramic coated specimens had a thin, 20 um wide,

surface interaction zone resulting from an interaction between the coating \
and IN-718 substrate during HIP (Figure 13). \
It should be noted that very little ceramic coating remained on |
the surface of the specimens after HIP. There were strong indications ]
that rather than spalling off during cooling, the coating had become sufficiently
liquid at the HIP temperature to run off the surface during HIP. Thus,
this ceramic ccating is able to effectivelyv bridge narrow cracks, especially
if the opening is narrowed bv prior shot peening. The intrusion of the
coating into the cracks can be prevented bv shot peening or a PVD coating
to bridge the cracks before coating with the ceramic.
Neither of the magnetron PVD coated specimens (Nos. 7 and 6)
showed evidence of crack healing. Metallographic examination showed that
the PVD coating did not adhere to the peened specimen, No. 6, probably
due to insufficient cleaning of the peened surface prior to coating. In
the unpeened specimeﬁ, the coating adherence was good, and the two narrower
cracks (25 and 30 um wide) appeared to be bridged even though thev did not
heal. Post-HIP sectioning of this specimen showed that these narrow cracks
were propagated nearly all the wav through the coating because of the surface-
normal-oriented growth tendency of the coating. Tvpical bridged and unbridged

regions over the two narrow cracks are shown in Figure 14. Thus, even the
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The lLavering of the Coating Was Caused By
an Interruption in Sputtering Power.

46

T




narrow, seemingly bridged cracks in the PVD coated specimens did not
close and bond because coating defects somewhere along the crack prevented

the coating from isolating the crack.

From these results, it is clear that great care is required
to get clean surfaces for good PVD coating adherence after surface treatments
such as shot peening. Also, although cracks of 25 to 40 um can be bridged
by a 250 um thick PVD coating of IN-718, ways must be found to ensure that
coating defects are eliminated. Possible approaches are multiple coatings
and interim mechanical surface treatments such as shot peening.

Of the cracks which were only shot peened and annealed prior to
HIP, one of the narrow cracks appears to have partially bonded. The other
narrow crack, which was not bonded, exhibited a helium-detectable leak in the
weld area adjacent to one end of that crack when checked after HIP. It is
possible that the leaky weld prevented crack closure and bonding in this
case. The edges of all the cracks were heavily worked by the peening. The
edges of the wider cracks were peened well into the crack and exhibited
considerable cracking after HIP.

It is interesting that none of the cracks in the shot peened and
PVD coated specimen (No. 6) closed, while the narrow crack in the shot peened
and annealed specimen (No. 5) did close and bond. Both specimens were
shot peened under identical conditions and the narrower cracks were completely
peened closed. This would indicate that the recrystallization anneal of the
peened layer might help to 'heal" together the peened edges of the crack.

No bonding was detected in the oxidized and pickled specimen

because of a gas leak defect in the side GTA welds joining the plates together.

It is not kncwn, however, whether this leak was generated during welding,
oxidation and pickling, or HIP. In this type of specimen a leak in any one of
the welds is open to all the cracks because the individual cracks are not
sealed, as in the other specimens. Thus no conclusions regarding the bonding
of oxidized and pickled surfaces could be drawn from this specimen, but a
duplicate specimen was included in the next series of simulated crack
specimens.

A second series of simulated crack specimens was designed

to expand on the surface treatment/coating sequences, based on the results




of the first series. Twelve 2.5 by 2.5 by 1.9 cm (1 by 1 by 0.75 inch)
specimens were fabricated from three coupons of 0.6 cm (0.25 inch) thick
IN-718 plate stacked and welded together on three sides. Each coupon had
two simulated cracks, one with essentially no width dimension and one
having a width of either 20 to 25 um (0.0008-0.001 in.) or 50 to 100 um
(0.002-0.004 in.).

The twelve conditions selected are shown in Table 7 along with
two duplicate conditions from the first series. The rationale for selection

of these conditions was as follows. It was concluded from the first series

of experiments that an initial surface treatment to mechanically close the cracks
considerably enhances the probability that subsequent coating will seal the
crack opening. Two types of mechanical surface treatment were selected, glass-
bead shot peening and wire brush. Glass bead peening was chosen over steel shot
to decrease the intensity of peening on the surface compared to the severe
peening given the first series specimens (Figure 11), which significantly
altered the surface finish. The glass shot peening used nominally 500 um
diameter bends under 0.30 MPa (44 psi) air pressure at a standoff distance
of 7.6 cm (3 inches) or 0.33 MPa (48 psi) pressure at 3.8 cm (1.5 inches) for
1 minute. After coating, a milder peen was used, 0.14 MPa (20 psi) air pressure
at 7.6 cm (3 inches) for 10 seconds. The wire brush was a still milder form
of treatment to minimize the disturbance to the surface while still partially
closing the narrow cracks. Wire brushing has one disadvantage in that it tends
to open one edge of a crack while it is closing the other.

It was decided that a coating was required to ensure sealing of cracks

even though mechanical closure can be achieved by methods such as shot peening.

The lighter peening selected for this series would not be expected to close
cracks nearly as effectively as the severe steel shot peen given the first

series. In addition, a permanent PVD coating has some advantages which make
it desirable to include it in the rejuvenation sequence. For example, it
replaces material lost by oxidation or erosion. It also adds material which
could be subsequently removed in part, either to provide the desired surface

finish to final dimensions or to remove surface reaction layers developed during

processing, or both.
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Vapor blast liquid grit honing was included because it has been
found to provide a good clean surface which enhances the adherence of PVD
coatings. It will be used to remove the light oxide coating on the
fatigue tested bars before coating, but it would help in closing only the
very tight cracks. Sanding was tried because it could simulate a process
required to smooth a peened and coated surface.

The PVD coatings had an undesirable tendency to reproduce the
substrate surface contour in the coating, resulting in the cracks being
extended into the coating for some distance. To avoid this, different
sequences of multiple coatings separated by a mechanical surface treatment
were investigated. The purpose of the intermediate mechanical treatment
was to homogenize the character of the surface of the previous coating so
that the subsequent coating would not extend either the cracks or closure
faults present in the underlying coating.

To determine whether some angle of coating would be more favorable
to crack closure then the usual normal direction, one experiment was tried
wherein the specimen was first tilted at 45° to the direction of sputtering.
This was then followed by peening and normal coating.

The as-deposited coatings were quite hard, having a hardness of
DPH 579 (Rq 52). (Compared to bulk hardness of Rg 21 in HIP material and
Rc 42 in STA material). This hardness is probably due to both the fine grain
size and aging of the coating at the coating temperature. In this case,

solution treating and quenching could possibly increase the grain size and

inhibit precipitation hardening so as to decrease the hardness of the coating.

This would help to keep the coating from cracking and spalling oft during
subsequent shot peening of the coating. In addition, this anneal could serve
as a recrystallization anneal for the underlying shot peened surface laver

as done in the first series of experiments.

Before each coating cyvcle the specimens were cleaned in the
pickling solution described earlier, for 1 minute at 78 C (180 F). After
this treatment the specimens were ultrasonically cleaned in water and
electronic-grade methyl ethyl ketone, and dried. The methyl ethyvl ketcne
leaves no residue during evaporation after flushing the cracks clean. The

specimens were then coated with 100 ym (0.004 inch) thick coatings.
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Inspection of the coated specimens showed that the narrow

; cracks less than 25 um (0.001 inch) in width were bridged without shot
peening to close the cracks. The results with the larger cracks were

i inconsistent, but in general cracks less than 50 um wide that had been
peened bridged satisfactorily. larger cracks, and those that were wire
brushed, did not bridge. When shot peened atter coating, some of the larger
cracks showed cracking of the coating next to the crack in the substrate.
The coating was evidently too thin and brittle to deform and flow into the
substrate crack during peening as desired.

In addition to the second series of 12 specimens, ) specimens

containing four cracks each were included from the first series. These
are shown at the bottom of Table 7. (One of these is the second specimen
to be oxidized then pickled and cleaned to investigate the bonding

behavior of oxidized surtaces.

The overall results of the experiments with regard to crack
bridging, closure and tightness of crack are summarized in Table 7, Possible
leaks through the coating or weld tor each crack were looked tor in a simple
test bv pressurizing the specimens in helium at 2.1 MPa (300 psi) to drive pas
through anv leak into the crack, then transterring the specimen to a
methanol bath to detect bubbles of helium gas escaping trom the crack. This
method will work for a reasonable range of defect sizes, but will not work
for either very small or very large defects. None of the cracks in which
leaks were detected before HIP closed during HIP. Two of the 12 specimens
were not included in the HIP experiment because leaks were detected in both
cracks.

After HIP, all of the specimens were sectioned and examined bv

optical microscopv. Three cracks had definitelv closed and bonded. All

three were narrow, 2.5 um wide, and had been peened betore coating. Two

of these had been given a double sequence of peening and coating.

Tvpical appearances of the crack-coating intersection and the

crack interface along the bond line atter HIP are shown i{n Figures 15 and lo. f
Figure 15 is representative of Specimen 2-5 also. Figure 15a shows a &
case where the coating adhered well during HIP and Figure [6a shows a case }
where the coating did not adhere well. Both adhering and nonadhering coatings 1
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(a) Crack and surface of specimen

3866VD 213X
(b) Bond line farther below coated surface

Figure 15. Bridging and Healing of Crack (2.5 um
Width before HIP); Coating Sequence:
Peen/Coat, Specimen 1-6,
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were also associated with cracks which did not close and bond. The

sporadic adherence might indicate improved cleaning of the surface

is necessary before PVD., Both Specimens 1-2 and 2-5 had a small cluster of
what appeared to be recrystallized grains at the crack-surface intersection
(Figure loa), The bond line at the intersection in both instances shows

a slight deviation which may have existed prior to HIP. The recrystallization
may thus be caused by the deformation induced by squeezing this region

together., Alternatively, it could be caused by localized deformation induced

by peening the edges into the crack.

The bond lines of the crack interfaces for the most part etched
similarly to a grain boundary. Also, the bond line voids being spherical indicated
bonding had occurred., There were regions where grain growth across the bond
line did occur during HIP (Figure lob). However, in many regions the bond
did contain a significant amount of porosity or "dirt" (Figures 15 and lo);
this bond line porsity or dirt is expected to weaken the bond and is thus
undesirable., Improved cleaning techniques for cracks are clearly required to
remedy this situation,

In Specimen 2, which was oxidized and then cleaned before having a
lid welded over the top of the cracks, the interface had an appearance as
shown in Figure 17. The cracks had all closed, but instead of a simple
bond line, a layer of finer grained material lined each side of the bonded
crack., The bond appears to be very good; only in a few places was the
position of the original bond line discermible (Figure 17a). Although both
the top and crack surfaces of the oxidized specimen had the fine grained
laver, the cover plate, which had not been oxidized, did not show this
effect (Figure 17b). The wedging of the top plate into the crack (Figure lab)

happened because this particular crack was a wide crack. The cause

for the fine grained region is not certain., The sheet used for these
specimens was cold rolled and aged. Omne rationale is that subsurface P
intemal oxidation or nitride or carbide formation occurred during oxidation
i and these particles inhibited grain growth in this layer during HIP, Anv

ﬁ compositional changes in this reaction zone, e.x. enrichment of nickel, \
may have aided the diffusion bonding process, This observation is interest- {
ing in that it suggests that some oxidation of the surfaces to be bonded,

e,8. crack surfaces, may be beneficial in producing surfaces which bond

well during HIP.
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(a) Bond line away from specimen surface
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(b) Crack intersection with surface. Top part is the
cover plate of the specimen., Vertical fine grained
region marks the original crack location

Figure 17. Microstructure of Bond Line and Surface of Oxidized
and Cleaned Specimen after HIP., Specimen 2
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Examination of the coatings after HIP showed that despite apparent
integrity of the coating before HIP, the specimen may react to HIP as
shown in Figure 18 to rupture the coating. What appears to have happened
in Specimen 2-4 (Figure 18) is a relaxation of residual weld stresses
or some other source of shear stress during HIP, which shifted the opposite
sides of the crack sufficiently to break the coating above the crack. The
shift is only 10 pm at the surface as measured in the micrograph. The partial
closing of the crack by the initial shot peening is also visible in

Figure 18,
Fatigue Bar Studies. On the basis of these investigations, a pre-

HIP rejuvenation processing sequence cousisting of peen/coat/peen/coat was
selected for treating the fatigue re juvenation specimens, To evaluate the
potential effectiveness of this processing sequence, an investigation of the
bridging of secondary cracks in fractured fatigue bars was undertaken. Fractured
fatigue Specimen No. 5B~1, containing numerous secondary cracks, was given
the coating sequence on one half of its circumference but left uncoated on
the other side. After HIP, the specimen was sectioned longitudinally and
the relative appearance of cracks on the coated and uncoated sides was com=-
pared. Some cracks did remain on the coated side. Most of these were wide
cracks and obvious defects in the coating were observed, accounting for the
failure to heal during HIP (Figure 19a).

The cracks connected to the uncoated side of the bar all showed
a surface zone approximately 30 um deep consisting primarily of oxidized
particles in the surface-connected grain boundaries. These oxidized
particles are presumably grain boundary carbide phases (Figure 19b). The
cracks bridged by the coating showed no sign of this reaction zone because,
although there were defects through the coating causing the cracks not to heal,
these passages would be very narrow and therefore getter the gas passing
through into the crack.

To minimize the probability of leakage through defects in the
PVD coatings during HIP of the fatigue rejuvenation specimens, it was
decided that the rejuvenation processing sequence would be supplemented
by a ceramic overcoating. This appeared to constitute the surest surface

sealing technique on the basis of earlier experiments., It was reasoned
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Figure 18. As Polished Surface of Specimen 2-4 Showing
Shift of Opoosite Sides of the Crack, Rupturing

the Coating.
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Crack intersecting glass bead shot
peened but uncoated surface of
specimen

250X
(a) Crack under coating with defect. (b)
Crack opening is about 45 um

Figure 19. Appearance of Secondary Cracks on Coated and Uncoated Surfaces

of Fracture Fatigue Bar 5B-1 after HIP.
The Surface Reaction Zone Which Developed During HIP Extends

about 30 um Deep Below the Surface. Longitudinal Section.
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that the use of both coating techniques in tandem might be necessary in
practice. The PVD metallic coating would serve to (i) restore dimensional
integrity where service-oxidized material had to be removed during pre-
rejuvenation cleaning, (ii) act as a barrier to the chemical interaction
observed between ceramic coatings and substrate material, and (iii) inhibit
intrusion of the ceramic coating into the cracks during HIP. The ceramic
overcoat, on the other hand, would serve as the backup surface defect sealiny
agent, and limit the interaction of the allov surface with the HIP atmosphere.
The final surface and coating treatment used for the fatigue bars was

described earlier in the Experimental Procedures section.




APP ION OF REJUVENATION
PROCESS TO FATIGUE DAMAGE

Baseline Fatigue Properties

Results of the tests usetful in establishing the baseline fatigue re-
sistance of IN-718 extruded and STA material are presented in Tables 8, 9, and 10.
Recall that all tests were carried out at 538 C. The majority of testing was
carried out in argon, there being no discernible difference in the results of
tests performed in argon or in air. The quantities del, de® and def are de-

fined in the usual way(lo). Results from Tables 9 and 10 are plotted in

Figure 20, as the open symbols. Data plotted are for total life. Figure 20a
presents these data on the basis of total strain, whereas, Figure 20b presents
them on coordinates of plastic strain. Tt might be noted that, as compared to
Figure 20a, data plotted on coordinates of plastic strain range and life in
Figure 20b are '"spread out', In Figure 20b the plastic strain-life to separa-
tion trend line has been established, giving consideration to three major
factors:
(1) The distribution of the fatigue failure data
(2) The value of the true fracture strain range
(measured from a tensile test) through which
the curve should pass
(3) The characteristic slope of such Coffin-Manson
plots. ‘
The failure trend curve drawn has a slope of about -0.5, passes through the
true fracture strain, and provides a reasonable fit through the failure data.
Figure 20a also shows as broken lines two fatigue resistance trend curves
established for this material in the corresponding condition, as reported in
the literature(14:15)  Note that the data developed as a part of this pro-
gram tend to fall below these total strain-life trends’ . However, when these
data are compared on the basis of the plastic strain-life relationship as shown

in Figure 20b, they correspond closely, except at lives less than about 100 !

cycles. This behavior can be attributed to the previously noted differences

in the monotonic stress response which showed this material on the low side

* The material in this program, although extruded, retains much of the character
of an as-cast material except it has fine grain size. The broken line data is

for wrought material.
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of the trend curves at 538 C (Figure 5). Plastic strain, therefore, provides
a common basis to compare fatigue resistances, at least on the basis of total

life.

Total Life

With respect to the results of six valid baseline tests at the
selected strain range for HIP rejuvenation in this program (0.8 percent)*,
of 16,149 (Figure 20, Table 10). Based on these six results, the mean and
dispersion are strongly biased by an apparent outlier (Specimen 2C-1) for
which the life was 45,960 cycles. Because of this inordinately long life,

a second test was performed using a specimen from Bar 2, the life being 5237

cvceles, It was, therefore, concluded that the result for 2C-1 was an outlier

and not representative of Bar 2 material. Excluding this result, the mean
life to fracture for the baseline 0.8 percent case is 6620 cycles with a
standard deviation of 1887 cycles. The corresponding coefficient of variation

is 29 percent.

Crack Initiation Life

As noted in the tables, the number of cycles to crack initiation, Nj,
is herein defined as that life at which the tensile component of the cyclic stress
response first began decreasing asymmetrically as compared to the stable
compression response. Also included in some cases is the life at a 5 percent
load drop. Such a definition obviously includes a portion of the life spent
propagating the fatigue crack and is therefore an upper bound on the actual
Nj. For the baseline 0.8 percent case, the results in Table 10 (excluding
Specimen 2C-1) give a mean cycles to initiation, Nj, of 4487 cycles with
a standard deviation of 819 cycles, giving a coefficient of variation of
18 percent.

Alternatively, results reported in Tables 9 and 10 are also useful
in establishing the relative fractions of life spent initiating and propagating

fatigue cracks in these tests. Such a demarcation is essential to establish

predamage levels for pre- and post= crack initiation damage rejuvenation studies,
A value for Nj can also be obtained by examining its variation with

strain amplitude., Data from the tabulations of Nj/N¢ where Nf is the cycles

to fracture have been plotted as a function of strain range in Figure 21.

* For rationale in selecting 0.8 percent for wel see Test Program Section.
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The solid points represent actual observations, whereas the open symbols
represent results from the incremental damage study (Table 8) and are,
therefore, based on an assumed (mean) fracture life established in other
tests, Based on the upper bound trend shown in Figure 21a and the
characteristic dominance of stress (elastic-strain) on fatigue resistance

at longer lives (total strain ranges less than 0,70 percent) shown in
Figure 20, the upper bound trend for the plastic strain range is constructed
as the solid line in Figure 21b., For purposes of convenience later om, this
trend is assumed to be represented by the bilinear trend shown as the

broken line. Based on this bilinear representation, the value of the ratio
Ny /Ng is 0,73 at plastic strain ranges less than (.375 percent (total range
of about 1.10 percent). Since the total life (life to separation), shown
as the solid line in Figure 20, represents the sum of the life fractions
spent in crack initiation and propagation, an initiation trend curve can

be obtained by subtracting the number of cycles spent in crack propagation,
computed using the trend curve in Figure 21, from the number of cvcles to
failure computed from the solid curve in Figure 20. This line corresponds
closely with the initiation data which are shown by the open symbols in
Figure 22,

Crack Propagation Life

Given the scatter in the results of Figure 21, it is difficult to
establish whether the ratio of Ni/Nf remains constant at plastic strain ranges
less than 0,375 percent. Analytical techniques used in the previous study
of Ti-6A£-dV(A) could be used to aid in such an assessment. However, the
material constants necessary to compute the crack propagation period are
lacking. Therefore, the number of propagation cvcles included in the previously
adopted definition for crack initiation cannot be directly ascertained. In-
direct estimates of Njy based on early visual sightings of the specimens during
the fatigue test indicated that, in extreme cases, this definition actually
includes propagation periods as great as 10 percent of the total life. With
respect to the question ol whether Np or Ni/Np is constant, the only remaining
alternative to provide an snswer is to examine the statistical variation in

crack propagation period as compared to that for total life and cycles to
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crack initiation. The five baseline test results in Table 10 bear directly
on this computation; the specimens being 2B-1, 2C-1, 3C-2, 4C-1, 7C-1, and
11B-2 (with the outlier 2C-1 being excluded). As noted in the previous
section, the initiation statistics are a mean of 4487 cycles with a
standard deviation of 819 cycles, giving a coefficient of variation of 18
percent. The corresponding propagation statistics are 2133 cycles and 1308
cycles, giving a coefficient of variation of 61 percent. Clearly, there is
less relative scatter in the initiation data, at least in the context of
total strain. The corresponding statistics for the ratio of Ni/Nf reflect
this, yielding a coefficient of variation of 19 percent, Based on these
results, it may be concluded that the character of the initiation data
dominates the character of the total life, the crack propagation period
being quite variable and perhaps not constant for a given total strain.

Unfortunately, no direct inference can be drawn.

Other Baseline Data Analysis

It is worthwhile to examine the remainder of the pertinent baseline

data to establish to what extent they correspond with the results considered

thus far. These five results, from Table 8, for Specimens 5C-1, 8D-2, 11B-1,
11C-2 and 12C-1 are plotted as open triangles on coordinates of each of

total and plastic strain versus life in Figure 23, Because these tests F
were not taken to failure, only crack initiation results are available. Note 3
that for these data, the crack initiation trend replotted on these figures £
from Figure 22 serves as an upper bound on life, This is a result of using E
the upper bound on the ratio Nj/N¢ (Figure 21) to establish these initiatiom

trend curves. Also plotted in this figure are the initiation data developed

as a part of the predamage processing of the fatigue bars to be rejuvenated
(as reported in Table 11). Both results for Specimens 7B-1, 7B-2, 7C-2, 3B-1,
11D~1, 12B-1 and 12B-2, for which initiation life was measured, and specimens

B T r——
T v

5¢-2, 5p-1, 7p-1, 7D-2, 8B-2, 8C-1, 8C-2 and 9B, which define a lower bound
on initiation because initiation was not observed, are included. Data which

define initiation are shown as open squares, whereas data which bound

initiation below are indicated by crosses., Clearly, these additional data 3
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suggest that the ratio of Ni/Nf may be less than that indicated by the
upper bound curves shown in Figure 21, or may not be constant at all.
Based on the total initiation data set (14 specimens), the mean life to
initiation at the program total strain range of 0.8 percent is 3487

cycles, with a standard deviation of 1119 cycles. This is in strong

contrast to the results of Figure 21 and the mean fracture life for this

condition which show that the average life to crack initiation is 4833
cycles*. This difference is apparently due to the fact that Figure 21
provides an upper bound on initiation. Given the same average fracture

life for the complete data set, the value of N;/Nj is 0.53™",

The above value of 0.53 is less than that reported in the liter-

ature for similar material (wrought bar in the STA condition) and testing

environment, when initiation is defined as the crack length observed for

decohesion of a heavy shear band (defined as a thin deformation twin)

(15)

extending over a distance of one or two grains . In that study,

developing such decohesion cracks about 70 pm long took about 70 percent

of the life. If this result can be considered to mean that N;/Ng as shown

in Figure 21 (73 percent) is correct, then the average number of cycles

to

fracture for this total data set (including all 14 specimens) would be less

than the mean of 6620 cycles for the reduced data set (including only the

five specimens from Table 10, Figure 20), In this case, the mean fracture life

sokk
would be 4777 cycles , about 72 percent of, or 1843 cycles less that,

6620

cycles. This mean of 4777 cycles lies just within one standard deviation of

the 6620 cycle mean. Finally, note that both the 4777 cycle mean and the

6620 cycle mean lie above the assumed lower bound for initiatiom of 2100

cycles. Initiation occurred after 2100 cycles in all but one case (Specimen

7C=2). As such, the propagation period, Np, ranges from 6620-1925 = 4695

cycles to 4777-2100 = 2677 cycles at the extremes of the observed results.

Consider now the influence of the rejuvenation process on the

baseline extruded plus STA IN-718 fatigue resistance.

*

Assuming Ni/Ng¢ = 0,73 and Ng¢ = 6620,

**  Given Ny = 3487 and Ng = 6620; Ny/Ng = 0.53.
Fkek

Given Nj = 3487 cycles and Ny/Ng = 0.73; Ng¢ = 4777 cycles.

—“““—'“w‘ '




Influence of Rejuvenation Processing
on Baseline Properties

Figures 20 to 23 document graphically the baseline fatigue
resistance of the STA IN-718 at 538 C, these plots being derived from
data in Tables 8, 9, 10 and 11. As noted in the approach and detailed
in the actual test matrix, Table 1, one of the purposes of this program
is to asses the relative influence of the processing parameters on the
fatigue properties so that the effect of the rejuvenation on fatigue damage
can be determined. The purpose of this section, then, is to address data
developed to isolate the influence of the processing parameters on the
baseline fatigue resistance. Data useful in this assessment, in addition
to that discussed thus far, are reported in Table 10.

Data reported in Table 10 are plotted in Figure 24, Figure 24a
plots these data as open symbols on coordinates of total strain and life,
along with the initiation and fracture trends taken from Figures 22 and
20 respectively. Note that for the sake of clarity, only the fracture
data (open symbols) are reported in Figure 24a, whereas Figure 24b
includes initiation data (slashed symbols). It is evident that the
re juvenation processing gives rise to a marginally increased total
fatigue resistance on a total strain basis (Figure 24a). The coat plus
BIP treatment (C + H, data shown as triangles) has a somewhat larger
beneficial effect than HIP alone (H, data shown as squares). Now, with
reference to Figure 24b, note that while the same trends present in
Figure 24a exist here, the choice of a plastic strain basis for data
comparison tends to (i) spread out the data, and (i1, suggest, because of
a reduction in apparent scatter, that the improvement in fatigue resistance
for both initiation (slashed symbols) and total life is not as great as
for total strain, Nevertheless, there is an improvement for each of the
H and C + H treatments,

A direct comparison of the mean values of fatigue life for the three
base line conditions js as follows. The STA condition had a mean life of
w6l cycles, with a standard deviation of 1887 cycles; the H condition
wd 4 mwan life of 7197 cycles with a standard deviation of 1585 cycles;
o + 4 condition had a mean life of 12,367 cycles with a standard

weiation of 1956 cycles.
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Based on the results reported for the influence of HIP on the
microstructure, one might surmise that the increased fatigue resistance
is due in part to the homogenization of the microstructure described
earlier (Figure 9), If homogenization removed potential crack initiation
sites associated with coarse, brittle phases and weak interphase inter-
faces, it would be expected to impact most substantially on the crack

initiation stage of life, as detailed below.

Simple statistical calculations are useful in assessing to what
extent the improvements in total life may be traced directly to the
initiation stage. First, with respect to the baseline data set (5 specimens,
Table 10), the mean life to crack initiation (excluding as before, the
outlier, Specimen 2C-1) is 4487 cycles with a standard deviation of 819

cycles. In contrast, the mean initiation life for the HIP processed bars
(Table 10) is 5412 cycles with a standard deviation of 1124 cycles, while
that for the coated plus HIP processed bars (Table 10) is 9976 cvcles, with
a standard deviation of 424 cycles. As such, on the average, HIP gives rise
to an facrease in life to initiation of 925 cycles, whereas the surface
treatment and coating aspect contributes 5489 cycles of increased life

when used in conjunction with HIP. With respect to the corresponding
results for improvements in total life, note that for the HIP condition

the increase in initiation and fracture lives correspond closely - 943
cycles in total life and 925 cycles in initiation life. Likewise, for

the coated plus HIP condition; the further life increase is 4804 cvcles,

whereas the increase in initiation life is 4564 cycles. It can, there-
fore, be concluded that more than 95 percent of the increase in total Q
life is due to changes in the crack initiation fatigue resistance.

For the same baseline block of data, the average crack propaga-
tion period is 2321 cycles with a standard deviation of 1258 cvcles.

The mean propagation period for the H case is 2151 cvcles and that for r

the C+H case 1is 2391 cycles, whereas that for the complete set, including
data for both conditions (1l specimens), is 2309 cvcles, with a standard w
deviation of 1178 cycles. Thus, one can conclude that the propagation
period is apparently insensitive to the rejuvenation processing steps.
On the other hand, the initiation stage is uot.

The reasons for the modest increase in the baseline life for
HIP alone and the substantial increase after coating and HIP together
cannot be simply isolated, The most obvious effect of HIP that could
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be expected to increase fatigue resistance is the homogenization of the
microstructure. Numerous near-surface and internal cracks associated
with inhomogeneities were observed after fatigue testing the STA specimens.
This internal cracking was absent in specimens fatigue tested after HIP.

There are two other effects to consider the effect of the grain
growth occurring during HIP and the effect of surface treatment and
coating. The effect of grain growth is usually to decrease fatigue life
with increasing grain size. The grain size of a number of H and C+H
fatigue specimens was measured after fracture, including predamaged
specimens from Table 11. Although there was a trend towards increasing
N; with increasing grain size, the range of grain size was too limited

and the scatter in the N, was too great to give a definitive indication

of the grain size dependince of the initiation life. Excluding the H
condition, the grain sizes for the specimens in Tables 10 and 11

were in the range 170 to 260 um (mean planar intercept), with the baseline
C+H specimens having a grain size range of 186 to 201 um (2 of 3 specimens
measured). The baseline specimens in the H condition showed a size range of
370 to 420 uym (2 of 3 specimens measured). If the ratios of the mean
initiation lives are compared to the ratios of possible grain size
dependences of the initiation lives, the possibility of accounting for

the differences in life by grain size differences emerges. The ratio of
the initiation lives for the H and C+H baseline conditions (Table 10)

is 5412/9977 = 0.54. The ratio predicted by an inverse grain size
dependence of life is 0.49 and that predicted by an inverse square root
grain size dependence is 0.70.

The effect of surface treatment can either increase or decrease
fatigue life. The specimens in the H condition were machined in the STA
condition, then HIP. Thus, machining could have caused small surface
cracks associated with brittle phases or weak interfaces intersecting the
surface to develop. These small surface cracks would not be removed by
HIP and could conceivably shorten life after HIP. By surface treatment,
shot peening and coating the machined surface before HIP, these small
defects would be healed. In addition the coated specimens appeared to have
a shallow, variable-depth, laver of nominally finer grains about 15 um

deep at the original surface of the specimen. These presumably resulted
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from recrystallization of the shot-peened layer. In addition, the coating
itself was fine grained and approximately 15 pm of the original 75 im
thick coating remained on the specimen after polishing the surface for
post-HIP fatigue testing. The effects of these fine-grained lavers would
tend to inhibit crack initiation and thereby prolong the fatigue life,

The large increase in life shown by the coated and HIP control
specimens was unexpected, since the HIP-only specimens included in a
preliminary HIP run to check the effect of the HIP conditions on the base-
line fatigue proverties had shown only a modest increase over the STA

baseline life. The coated, undamaged specimens were included in the final

HIP run along with the predamaged fatigue specimens after the coating
parameters had been defined. Therefore, instead of having a situation
where the processing variables had little effect on the baseline life as
originally intended, the processing had a large effect on the reference

lifetime, compared to the number of predamage cycles,

Re juvenation of Predamaged Specimens

o

Re juvenation data for damage Levels 1 and 2 are tabulated in
Table 11, whereas the corresponding baseline data are reported in Taole 10.
It is important to note that while each of the tests performed to develop

these data was done at nominally the same total strain range (0.80 percent),

B A RIS AP W W T v S

the corresponding stable plastic strain range varied from 0.82 to 0.20
percent. The majority of the data, however, were grouped between 0.10 |
and 0,15 percent plastic strain range. In that it has often been argued ;

that plastic strain controls the rate of fatigue damage accumulation in

the life regime of interest in this program, a broad dispersion in plastic i
strain would be expected to mask otherwise real trends in these data if

compared only on the basis of total strain range. However, the dispersion N
on plastic strain is very small in this study, and the plots of Ny and Ng
versus plastic strain range had little effect on reducing the scatter in
Figures 20 and 22, The results will, therefore, be considered only in the con- i
text of total strain. However, because the rejuvenation steps and the possible |

presence of unhealed damage apparently do influence the initiation stage of life,
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it is essential to assess the feasibhility of HIP rejuvenation for both pre- aund
post-crack initiation predamage leQéls, as well as for the total life.
Consequently, all the data will first be considered by direct comparison

of total life with the reference C+H baseline 1life, then effects of a typical
crack initiation will be assessed, and finally rejuvenation in terms of the
effect of coating and HIP on the initiation life of predamaged specimens

will be addressed.

Total Life Analvsis

Data for the baseline cases of: as extruded and STA IN-718, H
and C+H, are shown in Figure 25a, A total of 12 data points are presented
in this bar graph (6 for STA, 3 for STA+H and 3 for STA+C+H). As just
discussed, the H and C+H conditions give rise to increased fatigue
resistance as compared to the STA baseline condition.

Of these three baseline conditions, that for the C+H state is
selected as the reference condition for rejuvenation of both Levels 1
and 2, respectively, for the total life analyses. This approach assumes
that (i) the fatigue predamage induced in the STA condition reacts to
rejuvenation identically to predamage which wculd have been induced in the
STA+C+H material, and (ii) the damage accumulates at the same cvclic rate
in both conditions. Alternatively the same baseline could be selected,

assuming that the pre-crack initiation damage in the STA condition has no

effect on the subsequent fatigue resistance of the STA+CHi condition. With
reference to Figure 25b, it is apparent that the rejuvenation processing
failed to increase the mean total life of the rejuvenated specimens teyond E

that of the reference STA+C+H data base.

For specimens having Level 1 predamage, the life to initiation '
was 4957 cycles with a standard deviation of 2527 cycles and the life to .
fracture was 7819 cycles with a standard deviation of 3619 cycles, giving
a total life, including predamage cycles, of 9906 cycles with a standard
deivation of 3624 cycles. For the Level 2 damage specimens, the mean
predamage life was 3885 cycles with a standard deviation of 1032 cycles.
After HIP, the mean life to initiation was 3841 cycles with a standard
deviation of 2340 cycles, the fracture life was 7074 cvcles with a standard
deviation of 4274 cycles, and the total life, including predamage, was
11,077 cycles with a standard deviation of 4171 cycles. For both predamage
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(a) Comparison of STA baseline and rejuvenation processing baseline conditions
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(b) Comparison of rejuvenation processing baseline and Level 1 conditions
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(c) Comparison of rejuvenation processing baseline and Level 2 conditions

Figure 25. Analysis of Rejuvenation of Fatigue Damage in IN-718
Based on Total lLife.

The Dots Represent Specimens Showing '"Normal' Crack Initiation and
the X's Represent Specimens Having a "Flaw-Type' Initiation.

The + is the Mean of the Fatigue Lives and the Bracket Spans the
Standard Deviation.
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levels, the results indicate the rejuvenation processed samples had mean

lives less than that of the reference state, i.e., 12,367 cvcles. This

is in contrast to an average life extension of 2100 cycles or 17 percent

expected for full rejuvenation of Level 1 damage, and 3885 cvcles or
31 percent for Level 2. Thus, one might conclude that while coating plus
HIP improves the baseline properties, this fails to rejuvenate fatigue

damage, and that because the mean life does not lie between the base-

line STA+C+H life and the life expected for total rejuvenation, there

must be residual effects from the predamage which exert a larger effect

on the final fatigue life than assumed above.

It should be noted that the scatter in the fatigue results
after predamage and rejuvenation (Table 11) is much larger than that for
the baseline specimens (Table 10). One cause of this scatter in the
Level 2 specimens is the origination of final fracture at a site
introduced during the predamage cycling. It will be shown later that
known preexisting cracks were found to bond during rejuvenation and
not reopen during subsequent testing to failure. Also, cracks not
detected during predamage were found as bonded cracks during final
sectioning after fracture. However, correlation of the final fracture
locations in Level 2 specimens after rejuvenation with the mapped loca-~
tions of cracks detected during the predamage cvcles showed that
two specimens failed at previous cracks and one specimen might have.
These results are presented in Table 12. Comparison of Tables 11 and
12 indeed shows that the two specimens with the lowest total life failed

at known preexisting cracks.

Inspection of the fracture surfaces themselves shows further
differences between the baseline specimens and the predamaged specimens.
For both the Level 1 and Level 2 specimens, the crack initiation sites
apparent on the fracture surface have two different appearances. One of
these is the same ss the initiation sites on the C+H baseline specimen frac-
ture surfaces, wherein the initiation site is located right at the specimen
surface. This is defined as a "mormal"” initiation site. The other type
shows a relatively smooth, well-defined semicircular area extending in {rom

the original specimen surface to a depth of 0.25 to 0.5 mm, and is detftged
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as a "flaw". Since these flaw types were observed only in predamaged
specimens, it is believed that they originated from fatigue damage, for
example, incompletely bonded, undetected fatigue cracks. The description
of the initiation sites on the fracture surfaces are presented in the
right column in Table 11. Note that with the exception of Specimen 7B-1
all the Level 2 specimens had flaw~type initiation sites. Also, half the
Level 1 specimens had flaw-type initiation sites,

The test bars showing a flaw-type initiation site on the fracture
surfaces are indicated by an x in Figures 25b and 25c¢. For the Level 1
damage, the flaw-initiated fractures lie within the lower life end of
the scatter (Figure 25b). The statistics on the Level 1 specimens showing
normal initiation sites are a mean life to initiation of 6792 cycles
with a standard deviation of 1744 cycles, a mean life to fracture of
9468 cycles with a standard deviation of 4303 cycles, and a total life,
including predamage cycles, of 11,568 cycles with a standard deviation
of 4303 cycles. Thus, allowance for a possible preexisting crack
initiation site has increased the mean life to initiation and fracture
and decreased the standard deviation in both. However, the mean life is
still not up to the mean baseline C+H life. The single Level 2 specimen
having a normal initiation site does not provide a sufficient basis for
comparison. It did have a life comparable to the baseline life, but
the crack initiation life was still well below the C+H baseline initiaticn
life. '

It is interesting to compare the Level 2 and Level 1 specimens
that failed at flaws (but not at previously mapped cracks). Note that
several of these specimens lie well above the Level 1 specimens (Figures
25b and 25c, the x points). The Level 1 flaw-initiated specimens had a
total life of 8270 cycles with a standard deviation of 2189 cycles while
the Level 2 flaw-initiated specimens had a total life of 13,106 cycles
with a standard deviation of 3194 cycles. A comparison of the mean life
after rejuvenation shows a life for Level 1 of 6170 cycles with a standard
deviation of 2189 cycles, and a life for Level 2 of 8876 cycles with a

standard deviation of 3707 cycles. Therefore, not all of the difference




in total life is due to a difference in predamage cycles. However,

the Level 2 mean contains two specimens with a very long propagation

life (specimens 7C-2 and 11D-1). To minimize this effect, a comparison

of crack initiation life can be made; for Level 1 the mean initiation 1jfe
for flaw-initiated specimens is 3121 cycles with a standard deviation of
1695 cycles, while that for Level 2 is 3973 cycles with a standard deviation
of 895 cycles. Thus, the Level 2 initiation life is also longer than

the Level 1 initiation life. Since there is no reason to believe that
increasing predamage should prolong post-rejuvenation life but there

is reason to believe just the opposite, these two sets of data could
possibly be considered as equivalent, and represent the fatigue life

in the presence of a flaw, possibly an undetected, incompletely bonded
crack induced by the predamage cycles.

To reach some understanding of why rejuvenation of fatigue
damage was not observed even when the initiation sites for fracture after
rejuvenation appeared to be similar to the baseline initiation sites, it
is instructive to examine the possible fatigue damage mechanisms and
speculate on what effect the rejuvenation processing might have on this
damage. As mentioned earlier, pre-crack initiation damage consists of

(15,16) The

magnitude of the accumulated shear in these bands evidently increases in

the formation of heavy shear bands within the grains,

intensity with increasing cycles until decohesion occurs within a band
near or at the specimen surface, thereby forming a crack. The Y'" and V'

precipitates are .possibly resolutioned within these bands.(lé) The crack

then propagates in a predominantly transgranular mode. In addition there
may be internal cracking zt Level 1 damage in the STA condition, associated
with the Laves phases and concentrations of carbide particles, inclusioums,
and coarse Nij3Nb., Post-crack=-initiation damage consists of all of the
above plus visible surface-connected cracks 0.5 to 1 mm in length. What
is rejuvenation processing expected to do to this damage?

The observation of extensive grain growth during HIP and resclution
of the coarse Ni3Nb, Laves phase, and some of the carbides suggests that
the Level 1 damage should be virtually eliminated. The grain size increases
by almost 10 times, from 22 to 30 um in the STA condition to 200 pm or more
in the C+H condition. Thus, the bulk of the specimen has been swept by
grain boundaries. This effect, along with resolutioning of the V" and y'
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precipitates, would be expected to homogenize the microstructure and
eliminate any significant effect of the predamage shear bands on post-
rejuvenation fatigue life. In addition, HIP closes all internal cracks
and supposedly bonds them together. This line of reasoning indicates
that rejuvenation should have been observed after Level 1 damage, ji.e.,
the mean total life should have been 14,467 cvcles after rejuvenation.

For the Level 2 damage, the same discussion applies to the non-
crack damage. As for the predamage cracks, it is shown later that bond-
ing of many predamage cracks had occurred, and the bonded cracks did
not reopen during subsequent fatigue testing. Also onlyv two specimens
definitely fractured at previously mapped cracks (Table 12). The specimens
not failing at previously mapped cracks (Table 12) are the five longest
life points in Figure 25c.

Taking now the case where the rejuvenation process has presumably
removed or bonded all preexisting flaws (cracks) in both Level 1 (if there
were undetected cracks present) and in the specimen 7B-1 from Level 2, whyv
was there no apparent rejuvenation of fatigue life? It is expected that
the bulk of the specimen is swept clear of previous damage and a new
precipitate distribution is developed during post-HIP aging. Thus, if the
predamaged specimens do not fail at preexisting cracks or flaws, there
must be some type of residual fatigue damage which is resistant to grain
boundary migration and to resolution and reprecipitation of the secondary
phases. These tyvpes of damage are difficult to visualize or evaluate in
the absence of a detailed examination of the microstructure. However, one
possible form of damage of this type is the surface offsets associated
with heavy shear bands intersecting the surface during predamage. These mav
not be wholly eliminated or neutralized by the surface rejuvenation treat-
ment. The peening either did not completely remcve them or it transformed
them into a condition to aid subsequent crack initiation. These oftsets
would be preserved beneath the coating after the first coating application,
and they would not have been removed by the bulk microstructural changes
occuring during HIP. There might be other types as well, such as cracked
carbides or inclusions that did not rebond during HIP.

If it is assumed that some type of fatigue damage similar to

this is present and has not responded fully to the type of rejuvenation




process used in this program, then a baseline other than total life must
be used to measure the degree of rejuvenation. The new baseline must
take into account the nonresponsive fatigue damage introduced into the
STA material and what its affect might be on the STA+C+H condition.

This is considered in the next section.

Partitioned Life Analysis

Consider the split of the C+H improvement on baseline properties
between the initiation and propagation stages of life. Recall that over
95 percent of the intreasea total life of the baseline properties due to
the C+H treatment resided 1 an increased crack initiation resistance.
Because of this, damage analysis to assess the extent of rejuvenation is
not as straightforward as that used above (Figure 25). Obviously, since
the baseline fatigue resistances of the STA and the STA+C+H conditions
differ significantly, the damage accrued in one material condition should
not be considered directly in the context of the other, 1In this case, the
difference in fatigue resistance resides in an increased resistance to
crack formation in the C+H condition, whereas the propagation rates are
comparable (Table 13).  The assessment presented in Figure 25 ignores
this aspect. It assumed that damaged STA material after rejuvenation had
the same fatigue resistance as the undamaged STA+C+H material. Although
this is the most conservative assumption, it is unrealistic, and therefore
a different approach is presented. The approach adopted here applies a linear
damage rule based on both the material and the stages of life. It is assumed
that the fatigue damage mechanisms could be the same in both the STA and
STA+C+H conditions but that the damage accumulates at different rates in
the two conditions, the rate being proportional to the ratio of their crack
initiation lives., This causes the baseline lives to be different for
Level 1 and Level 2 damage.

Assuming damage accumulates linearly, and using an average baseline
life to crack initiation of 4487 cycles for the STA IN-718%, 2100 cycles of
Level 1 predamage exhausts 47 percent of the total initiation lifetime.
Assuming the applicability of such a linear damage theory, only 53 percent
of the initiation period of 9976 cycles for the STA+C+H condition™ should

Result from section on Baseline Fatigue Resistance using the data in Table 10,

** Result from section on Influence of Re juvenation Processing on Baseline
Properties using data in Table 10,
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the approximate

line life. For

initiation tend

be included in establishing the reference for rejuvenation assessments.
The average increase in remaining life in the STA+C+H condition is 12,367
- 0.47 (9976) = 7678 cycles in addition to the 2100 predamage cvcles.
This reference life of 9778 cycles represents the total fatigue life of
a material which exists initially in the STA condition, is damaged to
2100 cycles, and is then processed into the STA+C+H condition.

Similar calculations can be made for the Level 2 state, in which
case there is no initiation period to increase as a result of the C+H

process. Consequently, the life of the initial STA condition provides

including the predamage cycles, represented by the initial crack initiation
life, plus the crack propagation period.
Making use of the above reference lives as a basis to measure
the extent of rejuvenation gives the results shown in Figure 2¢, For
Level 1, the predamage of 2100 cycles in the STA condition converts to
4689 cycles in the STA+C+H condition, so full rejuvenation requires a
total life of 14,467 cycles. With reference to Figure 26a, the observed
total life of 9906 cycles indicates rejuvenation of Level 1 damage did

not occur but neither did a decrease in fatigue life relative to the base-

is 12,367 + 4487 = 16,854 cycles*. Reference to Figure 26bH shows that the
observed total life of 11,077 cycles after rejuvenation is intermediate
between the baseline and full rejuvenation lives. This indication of
rejuvenation was not observed in the total life approach.

Clearly, the results when examined in a context which accounts
for the impact of fatigue damage on crack initiation in the C+H condition
indicate the possibility of rejuvenation in terms of a total strain
analysis (Figure 26), For the Level 1 specimens, those which showed normal

Level 2 specimens, only those 2 specimens which failed at previously mapped i

reference by which to assess the extent of rejuvenation,

Level 2 damage, the total life related to full rejuvenation

T ——————

to lie in the rejuvenation range of total life. For the

*
This includes
plus complete
and the crack

the predamage cycles to crack initiation in the STA condition
rejuvenation of the initiation period in the STA+C+H condition i
propagation period.
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(a) Comparison of weighted baseline and Level 1 lives
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(b) Comparison of baseline and Level 2 lives

Figure 26. Analyses of Fatigue Damage Rejuvenation in IN-718, Based on
Representative Baseline Fatigue Resistance.

The Dots Represent Specimens Showing '"Normal' Crack Initiation and the ﬁ
X's Represent Specimens Having a "Flaw-Type'" Initiation. :
The + is the Mean of the Fatigue Lives and the Bracket With It Spans |
the Standard Deviation.
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cracks have lives lower than the baseline life. All the others are
grouped toward the full rejuvenation life.

Much of the scatter in life after rejuvenation appears to be
due to scatter in the propagation period. Although the propagation
period remains comparable on the average to its assumed constant value,
it shows an extremely high coefficient of variation, as evident in
Table 13. Specifically, the mean propagation period for Level 1 is 2863
cycles as compared to the assumed constant value of 2309 cycles, with a
standard deviation of 3212 cycles for a coefficient of variation of 112
percent. Similar trends exist in the Level 2 predamage rejuvenation
results. In this case, the mean propagation period is 2301 cycles as
compared to the assumed constant value of 2309 cycles. The standard
deviation is 3048 cycles so that the coefficient of variation is 132
percent.

The conclusion from this analysis 1is that the Level 1 predamage
responded very little, if at all, to rejuvenation processing. This could
be attributed to damage such as surface offsets whose effect was not
reversed by the surface treatment, or to internal damage such as the
flaws noted on the fracture surfaces of many of the predamaged specimens.
If these flaws are not incompletely bonded cracks, they might represent
some other type of Level 1 damage which did not respond to rejuvenation.
The rejuvenation present in the Level 2 case can be attributed to the
closure and bonding of the cracks. This required some additional time
to be spent in a crack initiation period before reentering the crack

propagation period after rejuvenation.

Fatigue Cracks in Baseline Material

A series of fatigue bars were sectioned after fatigue to examine

the character of the fatigue-induced cracks. The sections were all
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longitudinal sections along the gauge length so that the cracks could be
observed in profile.

The first intention was to examine brietlv the character of the
cracks developed at different total strain amplitudes. Specimens 3C-1,
ae® = 2.00%; S5B-1, ae® = 2.03%; 11c-2, Ae® = 1.32%; and 5C-1, a¢t = 0.80%
were selected for sectioning. Of the two high strain amplitude specimens,
the fatigue lives were quite different even though thev were tested under
essentially the same conditions of temperature and total strain amplitude.
The cracks in Specimen 3C-1 shown in Figure 27 are tvpical of most of the
cracks observed. The cracks follow a mostly transgranular path, but do
have some intergranular segments and also deflect along twin boundaries.
There are both relatively straight cracks with little branching (Figures
27a and 27b), and wandering cracks (Figures 27¢ and 27d). Less often a
seemingly subsurface initiated crack is seen, Figure 27c¢.

In contrast to the long, narrow crack opening configuration
usually found, the other specimen tested at a strain amplitude of 2 percent,
No. 5C-1, had numerous short, wide cracks (Figure 19b), This same
specimen had a short life, 84 cvcles, compared to Specimen 3Cl (Figure 27)
which lasted 248 cycles. This could indicate some difference in composition
or microstructure in this bar compared to the others. It so, it is localized
because another specimen from the same bar, Specimen 5D-2, showed the
typical crack configuration.

Fatigue cracks representative of the Level 2 predamage developed
at the strain amplitude Aet = (0.80%, selected for the test matrix of this
study, are shown in Figure 28, These cracks are tvpical of both Art =
1.32%, Specimen 11C-2, and Ast = 0.80%, Specimen 5D-2, These configurations
are shown in Figure 28: the wide opening, straight tvpe (Figure 28a);
the narrow opening, straight type (Figure 28b); and the narrow opening,
branchy type (Figure 28c¢c). The tighter and branchy cracks appear to be
most common. What appears to be an internal, subsurface initiation crack

is seen to the left of the wide crack in Figure 28a, The specimen surtace
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crack opening width of the wide crack is about 3 um, well below the 15 to
25 um range which can be bridged by the PVD coating. The tighter cracks
have surface crack opening widths of 1 um or less.

Both the wide, straight crack (Figure 28a) and the branchy crack

3 &

(Figure 28¢) occur in regions heavily banded with the coarse, acicular

Ni‘xb. Although these are tavored areas for local crack branching, the
cracks do not alwavs concinue to propagate in this fashion. Regions such

as the void appearing on the crack in the lower center of Figure 28¢ vere
possibdbly due toe a clump of grains falling out of the specimen during Prep-
aration. Possibly they fractured along weak or brittle interphase

boundaries during tatigue, Similar voids were only rarelv found in undamaged

material.

It has been shown that the fatigue damage in IN-718 tested under

the conditions of this study consist of well-defined bands of heavy shear

¢ 33y 18) ;
strain extending across the grains. ¥ Decohesion areas within intense

slip dbands (also called twius\lﬁ\\ ultimatelv act as the sites for crack
initiation., FEvidence of these heavy slip bands could be seen in some
areas of metallographically polished and etched sections of the extruded
and STA bdaseline material atter fatigue, However, no more-intense regions

Yy

of slip were specifically associated with the cracks as compared to regions

away from the cracks.

Response of Fatigue Cracks to
Re juvenation Processing

One of the principal objectives of this program was to demonstrate
closure and bonding ot preexisting fatigue cracks after cleaning, coating,
and HIF, This was tirst attempted in an early HIP experiment by cleaning,
coating , and HIP half of a fractured fatigue bar containing numerous
surtace cracks. This was Specimen 5B-1, already described previously as
having atvpical wide cracks (Figure 190) which were too wide tor the P\D
bridging process.

Later, two halves of different tractured fatigue bars were processed

identically to the fatigue damaged test bars and included in the last RIP

experiment. However, after the HIP experiment it was decided instead to

section actual pre-cracked test bars after HIP and final tatigue testing

to fatlure. This had the advantage of (1) knowing the exact location of

the visible cracks induced during the pre-HIP fatigue to the crack




propagation stage, (ii) the rejuvenation processing being that for the
fatigue test bars, and (iii) determining whether fatigue cvcling subsequent
to HIP was sufficient to reopen any closed and bonded cracks,

This was done with two specimens, 78-1 and 12B-1, both otf which
failed at a site well away trom the mapped pre-re juvenation cracks
(Table 12)., The halves of the fractured specimens containing the loca-
tions of the pre-rejuvenation cracks were serial sectioned in a longitudinal
section in 250 um increments so as to intercept the mapped crack locations
with the expectations of (i) finding no cracks at all, indicating the
cracks had bonded completely; (1i) finding the location of the now-bonded
cracks marked by "dirt", precipitates, or voids as in the case of the
Ti-oAl-év\Q\; or (1ii) finding an open, nonbonded crack.

The result was the rfinding of bonded cracks whose former location
was delineated by small particles or voids. 1Two of the three mapped
cracks in 7B-1 were located and found to be identical in appearance,
These are shown in Figures 29 to 32, The other crack in Specimen 78-1
was not pursued. In addition, the previously mapped crack and two other
healed, but not previously observed, cracks were also found in Specimen
128-1 which were identical to those shown in Figures 29 to 32, Thus, there
were certainly preexisting cracks in some of the other specimens which
also were not observed before rejuvenation.

The appearance of the cracks on the as=-polished section shows a
"track" of particles of about 5 pm wide (Figures 30a and 32a). Theretore,
there must be precipitates associated with the crack, lving just beneath
the original crack surface, as well as possible residual voilds, oxide, or
dirt along the bond line itself., It is believed there was not sutticient

time at temperature during the predamage cracking phase of testing to

of the cracks over much of their length indicates there must be signitficant

5
)
develop a significant alloy depleted zone, but the severe etching attack “
!
!
2 -
composition differences along the bond line. Since subsequent fatigue did i

not open up a new crack at or near aay of the observed bonded cracks,
neither the residual particles, voids, or any allov depleted zone repre-
sented most-favored sites for subsequent fatigue crack initiation., The
particles would not be expected to act as initiation sites because of

their small size, less than 1 um,

R 2
o




TR

Figure 29,

|
W' ¢

4J836 100X
(a) As-polished

Y - LY -

SRS
PO B ' ’
.’. .‘\. * 3 g

‘e ] "
. . .
. . Y ‘4
. ." » "
‘\_‘ i y A
100X

4J840
(b) Polished and etched
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after Rejuvenation
Processing and Fatigue Testing to Failure.

A TR T Iy ey e

g

v il Sed gm




20FJINS Je
X000

PO In

‘hg PANBI4 UL UMOYS YDRI) AWRS JO sydeifoioyr uoriestjyruiey ydry

6¢C

pue paysilod

(2)
7h8LY

X0001

pPaYy231d pue paysrI[o4

(q)
SweIY

X0001

"Gt

2In3714
paysriod-sy (e)
6E£8IY
i J‘ .
o -
% :
. N .
N ‘«ﬁ.-
.
2N
>
.\..\... re >
.- a0 o
. .o -
c 2>
- ¥ .
£ -
S
r .
: .

-




43837 100X
(a) As-polished

b ‘oo R 8
~ o \
< 3 . A
l‘l A .
. \ et l
.~
3 LI
L
. y e ¥
N ; AR .
N . F .
« N ’
67 b o X
OO s it SORRIE e 1 ’
N i o
{ N o s
. y '
.
.
\ .
4 t
. b J
# L]
»e * . .
< . . . e
., i N - g ]
// 0 '
- L] .
L] . '
'
3
47841 100X

(b) Polished and etched
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Fatigue Damage in Re juvenated Material

The heavy shear bands traversing the grains were much more visible
in the specimen fatigue tested after HIP, This was because the larger
grain size in this material increased the length and therefore the dis-
placement or shear within the individual cracks. If the primary crack
initiation mechanism is decohesion of these heavy shear bands, then this
is the probable cause for the trend toward a grain size dependence of the crack
initiation life observed in the C+H condition., There did not appear to be
any concentration of these heavy shear bands associated with the cracks.

The cracks were similar in appearance to those shown earlier,
except there appeared to be fewer secondary cracks. The cracks propagated
in a transgranular mode for the most part but did show some deflection

along twin and grain boundaries.

SUMMARY DISCUSSION AND CONCLUSIONS

It should be noted at the outset that the material used in this
program was not given much work before use. Therefore, although it has
some of the characteristics of wrought material, it also retained some
characteristics of cast material. To some extent the results of the
program will reflect this difference and this should be borne in mind
when evaluating them,

It is clear that properly bridged fatigue cracks can be closed
and bonded. There are definitely secondary phases, oxides, or 'dirt" from
shot peening within these cracks, The size of these particles is quite
small, less than 1 pm, and they should not initiate new cracks., However, the
different localized microstructure and chemistry along the bonded crack
might favor crack initiation. There will be a point where better cleaning
is required and an alloy depleted zone must be addressed to ensure a sound
bond. The observed failure at previously mapped cracks in some of the pre-
damaged, rejuvenated specimens indicates the importance of a reliable crack
bridging process and reliable cleaning of the cracks. It is not known what

type of damage the flaw-type initiation sites represent, but they clearly

appear in the crack initiation period and are difficult to remove. They 5
are probably improperly bonded cracks. If not, they could represent an important [

type of fatigue damage in its seeming lack of response to rejuvenatiom. (
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It is believed that the PVD coating is desirable to provide
primary bridging of the crack and to replace material lost to erosion and
corrosion of used disks or blades. It is believed that the coating
technique can be improved beyond that demonstrated in this program to
provide better surface adherence and bridging of cracks. The ceramic
coating must require further development as a reliable backup coating
to the PVD coating.

An important result of this program was the lack of response
of Level 1 damage to rejuvenation. Since it was surmised that internal
damage should be removed during HIP and aging, this is an unexpected
result. It is possible that other tvpes of damage such as surface
offsets or the flaw-type defects might retain some of their potency
through rejuvenation and decrease the total life.

The large increase in fatigue life developed by coating and
HIP of the extruded and STA material is striking. It is not clear to
what extent the rejuvenation surface treatment, peening and coating,
caused this increase compared to the homogenization of the microstructure
and the grain size differences. It may be that a HIP homogenized micro-

structure with a smaller grain size could give the same life as the coated

and HIP material. The HIP cycle should be modified to homogenize the micro-
structure and minimize grain growth in both cast and wrought IN-718 to assess
potential benefits in mechanical properties.

The substantial change in the baseline properties of the material
after coating and HIP caused great difficulty in interpreting the results.
Assumptions had to be made regarding the similarities of fatigue damage
mechanisms in the two baseline conditions (STA and STA+C+H), their response
to rejuvenation, and the influence of residual fatigue damage carried over
from the initial condition on the fatigue resistance of the final,
rejuvenated condition. The most conservative analysis showed no rejuvena-
tion effect but instead indicated that residual fatigue predamage was
influencing the life after rejuvenation of the predamaged specimens.

A second approach to account for this effect indicated little or no
rejuvenation of Level 1 damage, but some rejuvenation of Level 2 damage.
This is consistent with the observation of bonded fatigue cracks in

Level 2 specimens.
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